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Introduction
Hearing loss and the aging auditory system
Modern amplification technology has become extremely advanced – many devices
incorporate sensors, accelerometers, and artificial intelligence, all for the goal of improving
hearing for individuals with hearing loss. Even with all this technology, hearing aid users still
struggle, not only to hear but also understand speech, especially in the presence of background
noise. The consequences of hearing loss, and specifically age-related hearing loss (ARHL), are not
new. Generally speaking, these deficits were categorized by Plomp (1978) as the “distortion” and
“attenuation” components of hearing loss. Hearing aids have traditionally addressed the
attenuation aspects of hearing loss by amplifying sounds that are inaudible into the audible range
on a subject-specific basis. The distortion component, however, has long been treated as a limiting
factor of hearing aid benefit by hearing aid wearers, hearing aid professionals, and researchers
alike. There is sufficient evidence that demonstrates that the auditory system is not entirely
unmalleable, and in fact, is very efficient in adjusting its intrinsic functional processes in response
to the many consequences of hearing loss. There is unequivocal evidence of plasticity in the animal
research, showing both the changes that occur in the central auditory system following hearing
loss as well as the effects of acoustically driven therapies (Willott et al., 2000; Willott and Turner,
2000, 1999). This is not to say that all central auditory plasticity is beneficial, as changes in the
central auditory system have been linked to maladaptive processes that provide explanations for
the perceptions of tinnitus and/or hyperacusis. The question remains, however – can auditory
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plasticity be leveraged to our advantage and possibly be used to ameliorate some of the negative
effects of hearing loss? By far, the population that is most affected by hearing loss is older adults
over 70 years of age (Chien and Lin, 2012), and therefore studies of auditory plasticity must
consider the interaction of hearing loss and aging. That is, a basic assumption that must first be
investigated; determining that plasticity is in fact evident in an aging auditory system, and to what
extent, or how malleable the aging auditory system is. This information will have critical
implications for how we study hearing rehabilitation with hearing aids. This dissertation will
investigate the use of different techniques to provide a better understanding of central auditory
plasticity, in both young, normal hearing subjects as well as older adults with ARHL – commonly
termed presbycusis. Our understanding of these processes, and how we might target specific
ARHL deficits, depend on further understanding of how these mechanisms present in an aging
auditory system. With that understanding, we will discuss the possible role that such plasticity has
on how adults with presbycusis adapt to new acoustic information over time, known as hearing aid
acclimatization.
Augmented acoustic environments
Amplification represents one of several forms of an augmented acoustic environment (AAE)
that may be evaluated in individuals with hearing loss. An AAE can describe any sustained change
in the acoustic input to the auditory system and in the broadest sense may refer to a variety of
changes to the acoustic landscape. AAE research is quite mature in animal models, following the
pioneering work of Dr. James Willott (cited above) and investigations by many others since then,
in the context of neural coding, auditory development, and aging. Attenuation or sound deprivation
occurs when damage is introduced somewhere in the peripheral auditory system by means of ear
canal blockage, middle ear dysfunction, noise exposure, aging, or any of several other factors. In
2

humans, AAE that is most widely used to overcome attenuation is amplification technology that
is designed to increase audibility of sounds from below the listener’s threshold of hearing to a
usable range, and in some cases aims to restore other factors of normal auditory function (e.g.,
loudness growth, binaural processing, etc.). A less common form of AAE is low-level sound
delivered via hearing devices. Such devices, originally referred to as sound generators, were standalone instruments that had the sole purpose of delivering sound (as opposed to amplification).
Today, hearing aids have the ability to both amplify sound as well as deliver a variety of different
sounds (i.e. pink noise, white noise, ocean noise, etc.), however the term sound generator has been
retained. The sound produced by sound generators also is an essential component of some sound
therapies. Sound therapy is often used synonymously with sound generator, although sound
therapy from a clinical perspective typically is more comprehensive and includes counseling and
education components along with devices. Sound generators, in the context of ear-level devices,
are commonly used in the treatment of tinnitus such that added sound can aid in the perceptual
distraction from the tinnitus but also as a therapy or habituation noise (Davis et al., 2008; Jastreboff
et al., 1996; Jastreboff and Hazell, 1993). In hearing aids with sound generators, a sound generation
circuit generates white noise that may be post-processed with filter networks (e.g., low-pass, highpass, or band-pass), with manufacturer-designated corner frequencies and slopes, and is then
delivered through the main audio path as a singular output or mixed with the amplified and
processed signal (ON Semiconductor, 2019a, 2019b). Similarly, some manufacturers include
augmenting sounds that consist of amplitude modulated noise or tone complexes of various types.
Regardless of which form of AAE is selected, the general underlying principle is that when a
continuous change in the acoustic input is introduced to the auditory system, a compensatory
response occurs and attempts to stabilize neuronal network function, known as “homeostatic
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plasticity” (Turrigiano, 1999; Turrigiano and Nelson, 2000). With regard to the three AAE types
to be addressed in this dissertation (i.e., amplification, sound generators, attenuation), the
consequential homeostatic responses have all been associated with an underlying “central gain”
mechanism.
Homeostatic plasticity and central gain
The concept of homeostatic plasticity is fundamental to the theory of central gain changes that
occur in the auditory system with AAE. Homeostatic plasticity refers to the process by which a
neuronal network retains functionality in response to changes in the input of a signal to the system.
Homeostatic plasticity is thought to reflect the adjustment and modification of synaptic strengths,
regulating the excitability of neurons, and controlling the growth rate and number of new
connections within the network (Turrigiano, 1999). Hebbian synaptic plasticity refers to the
process by which synaptic strength is increased or decreased, and thus alters the representation of
the response. The rules of Hebbian synaptic plasticity indicate that synaptic strength increases
when pre- and post- synaptic activity is correlated, and conversely, synaptic strength decreases
when the pre-and post-synaptic activity is uncorrelated. Although this provides a useful
explanation for how a neural network can adapt to changes in the input to the system, the picture
is incomplete. Turrigiano (1999) states that without a mechanism in place to self-regulate this
plasticity, correlated pre- and post-synaptic activity would lead to increased synaptic strength,
which in turn, would increase pre- and post-synaptic positive correlation. Conversely, synapses
that show negatively correlated pre- and post-synaptic activity, would make transmission of the
signal more difficult, leading to lower correlated activity. Such uncontrolled potentiation of the
circuit in either direction would ultimately destroy neuronal selectivity for different inputs. Thus,
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while homeostatic plasticity aims to allow a neural circuit to adapt to changes in input, it does so
within a functional boundary.
Homeostatic plasticity is postulated to occur when changes in the acoustic environment are
introduced. In the case of hearing loss, the homeostatic response to decreased input to the system
would be an increase gain in the circuit to maintain neuronal stability without leading to drastic
changes in auditory perception. While the intrinsic ability to self-regulate neuronal responses
following changes in peripheral input with hearing loss is an appealing concept, an excessive
increase in central gain in the form of spontaneous neural activity may also result from maladaptive
plasticity. This maladaptive change is thought to partially explain the perception of tinnitus
resulting from auditory attenuation (Hébert et al., 2013; Noreña, 2011; Noreña and Farley, 2013;
Schaette and Kempter, 2008, 2006; Schaette and McAlpine, 2011) as well as reduced sound
tolerance in the case of hyperacusis (Gu et al., 2010; Knudson et al., 2014; Noreña and Farley,
2013). An understanding of mechanisms associated with homeostatic plasticity and the extent to
which the auditory system modulates central gain is important for understanding and improving
acoustic treatments aimed at restoring normal gain in the auditory system.
Evidence for central gain modulation in humans
Acoustic attenuation using earplugging
Short term, continuous attenuation of acoustic input through earplugging has been used to
parallel the effects of hearing loss in humans. Earplugging is a simple way of introducing a
temporary, reversable hearing loss and has been a useful approach in investigating changes in
auditory processing. Decker and Howe (1981) demonstrated changes in the latency of Wave I of
the auditory brainstem response (ABR) following 10, 20, and 30 hours of earplug use. It is
important to note that the change in Wave I reflects the activity of the auditory nerve, and therefore,
5

this result is more consistent with a change in peripheral function, but it did prompt further
investigations of brainstem plasticity. Auditory attenuation via earplugs also has been shown to
produce changes in brainstem function based on Acoustic Reflex Threshold (ART) measures
(Brotherton et al., 2017, 2016; Maslin et al., 2013; Munro and Blount, 2009). These studies
demonstrated decreased ARTs following a period of acoustic attenuation from 4 to 14 days,
relative to baseline measurements (Brotherton et al., 2017, 2016; Maslin et al., 2013; Munro and
Blount, 2009). The authors of these studies concluded that a decrease in the ARTs following
acoustic attenuation is evidence of increased gain in the brainstem circuitry, such that the level of
sound required to elicit the stapedial reflex was significantly reduced relative to baseline measures.
Changes in loudness perception following earplugging also have been attributed to changes in
central gain. Formby et al. (2003) reported an increase in loudness perception (i.e., lower tolerance
for loud sounds) on the Contour Test of Loudness Perception (Contour Test; Cox et al., 1997) after
two weeks of chronic sound attenuation via earplugs. Following the attenuation period, study
participants matched their pre-exposure loudness category ratings at levels 5 to 9 dB lower for
categories rated as comfortable and louder (e.g. Categories 4 to 7). The authors suggested that
short-term continuous attenuation of acoustic input led to a progressive increase in loudness
perception over time due to increased central gain. Earplugging is most analogous to a conductive
hearing loss. Parry et al. (2018) studied the effect of long-standing unilateral conductive hearing
loss on cortical auditory evoked potentials presented via bone conduction. Results showed
significantly larger P1-N1 and N1-P2 amplitudes in the hearing-impaired subjects compared to
those of a control group. The evidence for central gain modulation in the presence of reduced
sound input to the periphery via short-term earplugging or conductive hearing loss is thus well
established.
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Acoustic enhancement using sound generators
There are a few investigations of the efficacy of sound generator use for therapeutic purposes.
One focus is on how the consistent use of such devices can alter central gain. Perhaps some of the
most convincing evidence is demonstrated in the hyperacusis and tinnitus literature. In individuals
with hyperacusis, loudness grows at an exceedingly fast rate with increasing sound input levels,
causing an abnormally small dynamic range between hearing threshold and the perception of
uncomfortably loud sounds. Several investigations in humans with hyperacusis have documented
hyperactivity at various levels within the auditory system, consistent with an excessive gain
process (Gu et al., 2010; Knudson et al., 2014). Sound generators have been proposed as a means
for “recalibrating” the internal gain of the system that manifests as abnormal loudness perception.
Formby et al. (2003) showed that following two weeks of chronic sound enhancement via earlevel sound generators, participants reported a decrease in loudness perception (i.e., greater
tolerance for loud sounds). That is, listeners required an additional 4 to 8 dB to match their preexposure loudness category ratings on the Contour Test (i.e., reduced central gain) for stimuli
judged to be comfortable and louder (e.g., Categories 4 to 7). Thus, prolonged use of sound
generators induced a reduction in perceived loudness that was nearly equal in magnitude and in
the opposite direction of what was reported with earplugging. These results have since been
replicated in other studies (Formby et al., 2017c, 2015, 2007). Additionally, there are several
studies that have shown improvement in the perception tinnitus using sound generators as part of
a therapy regimen (Davis et al., 2008; Gold et al., 1999; Sweetow and Sabes, 2010). There is a
strong consensus that such improvements are related to treatment of an abnormal gain process by
providing enhanced acoustic input to the peripheral auditory system.
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Acoustic enhancement using traditional amplification
Several studies have documented auditory system plasticity following the use of traditional
amplification. The ABR has been used to investigate changes in central gain resulting from hearing
aid use, reflecting physiological changes at the level of the brainstem. Munro et al. (2007a)
demonstrated higher mean peak-to-peak amplitudes for Wave V and SN10 ipsilateral to the fitted
ear in monaural hearing aid users, while Philibert et al. (2005) reported decreased Wave V latencies
following three and six months of bilateral hearing aid use. Munro and Merrett (2013)
demonstrated increased ARTs, also a reflection of brainstem activity, following monaural, shortterm experience (5 days) with low-gain amplification in young, normal hearing adults. These
results reaffirm previous evidence showing elevated ARTs in the aided ear of elderly, monaural
hearing aid users (Munro et al., 2007b). Changes in loudness (loudness scaling, ULLs, etc.) and
intensity-related outcome measures (intensity discrimination) following hearing aid use have been
described as consistent with a central gain mechanism (Hamilton and Munro, 2010; Munro et al.,
2007b; Munro and Trotter, 2006; Noreña and Chery-Croze, 2007; Philibert et al., 2002). More
recently, there have been a limited number of studies investigating acclimatization, or
improvements in performance over time related to hearing aid experience. Of those, some also
have invoked central gain as a possible explanation for improvements on different measures,
including speech perception (Lavie et al., 2015) and speech processing times (Habicht et al., 2018).
Not all studies have successfully shown evidence of central gain changes following hearing aid
use. Dawes et al. (2013) used the ABR to investigate changes in brainstem processing following
12 weeks of both unilateral and bilateral hearing aid use, against a control group of experienced
hearing aid users. They reported no significant changes in ABR wave latencies or amplitudes in
any subject group. The authors of this study suggest that the significant results of Philibert et al.
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(2005) and Munro et al. (2007a) may have reflected idiosyncrasies of particular subjects within
their samples due to small sample size (n = 5; Philibert et al., 2005) and cross-sectional study
design (Munro et al., 2007a). Clearly, there is a need for objective measures that are not only
sensitive to changes in central gain, but also show repeatable, reliable results.
Evidence for central gain modulation in animals
Acoustic attenuation and auditory deprivation
The animal literature provides a unique perspective on the central gain process in the auditory
system. Specifically, auditory deprivation can be studied in a manner not possible in human
subjects. Salvi et al. (2000) used carboplatin to selectively destroy the inner hair cells of
chinchillas. They reported reduced compound action potential (CAP) amplitudes such that about
50% loss of IHCs led to about a 50% reduction in CAP amplitudes, reflecting a reduction in output
from the cochlea, without altering the tuning and sensitivity of auditory nerve fibers as typically
seen with cochlear damage after acoustic trauma. Relevant to central gain, they showed that ratelevel functions from inferior colliculus (IC) local field potentials grew at a faster rate than seen
prior to cochlear IHC damage. Likewise, input/output functions from single neurons in the IC and
auditory cortex showed less reduction in IC amplitudes than CAP amplitudes and larger than
normal amplitudes in auditory cortex. These results demonstrated compensatory gain processes in
both the IC and auditory cortex neurons following selective IHC damage. Comparatively, studies
of acoustic trauma have shown increased spontaneous activity in the dorsal cochlear nucleus
neurons within hours of the traumatic exposure in hamsters, consistent with a gain mechanism in
the central auditory system (Kaltenbach and Falzarano, 2002; Kaltenbach and McCaslin, 1996;
Kaltenbach and Zhang, 2007). Cai et al. (2009) also documented changes in the cat ventral cochlear
nucleus (VCN) following acoustic trauma. Importantly, although the trauma did not alter the firing
9

patterns of specific VCN neurons, the cells did display increased maximum firing rates and steeper
rate-level functions. Schaette and Kempter (2008, 2006) offered an interesting perspective of these
and other results based on homeostatic plasticity using computational models. They identified
neuron types in the DCN that were specifically prone to developing hyperactivity following
cochlear damage, partially explaining why such reported changes are sometimes species specific.
Non-traumatic sound exposure
Using non-traumatic, continuous noise to investigate central auditory plasticity in animal
models has gained popularity in the last decade. It is important to note that the noise used in these
experiments is universally higher in level than the noise used in the sound generator work with
humans as described above. Thus, it is expected that the nature of the sound-induced plasticity
may be quite different for the two types of sound exposure. Several of the animal studies have
documented significant changes in stimulus-evoked and spontaneous neuronal activity in the
primary auditory cortex of cats following continuous non-traumatic noise exposure (Munguia et
al., 2013; Pienkowski et al., 2013, 2011; Pienkowski and Eggermont, 2009a, 2009b). Recently,
Sheppard et al. (2017) investigated the effects of non-traumatic noise on cochlear, auditory nerve,
and IC activity in rats exposed to a 75 dB SPL noise (10 to 20 kHz) for a period of 5 weeks.
Following the sound exposure, they recorded the CAP and summating potential (SP), as well as
local field potentials from the IC. They reported that immediately following sound exposure, CAP
thresholds were statistically equivalent to those of the control group for frequencies above and
below the exposure frequency band, but about 5 to 11 dB higher within the exposure frequency
band. Similarly, the noise-exposed group showed significantly lower SP amplitudes, an index of
the direct current response of the hair cells during transduction (Davis et al., 1958), also within the
exposure band frequency. The authors report that limited loss of inner and outer hair cells in a
10

sample of the noise-exposed rats confirmed these changes were not due to hair cell loss; however,
they could not completely rule out other forms of peripheral damage. Notably, however, there was
a 30-40% increase in frequency-specific stimulus-evoked activity in the IC compared to those of
the control group, consistent with increased central gain. Although it has generally been assumed
that non-traumatic noise exposures have no measurable negative effects on the neural output of
the cochlea, some animal studies have documented some peripheral changes following relatively
low-level exposures. Eddins et al. (1999) recorded the distortion-product otoacoustic emissions
(DPOAEs) in chinchillas following six days of continuous exposure to an octave-band noise
centered at 4 kHz at several different exposure levels (i.e., 48 to 96 dB SPL). Interestingly, they
showed a reduction in DPAOE amplitude for f2 frequencies within and above the noise exposure
frequency band for noise exposure levels as low as 50 dB SPL and a further 1.3 dB decrease in
amplitude for every 1 dB increase in noise level up to 75 dB SPL. Recently, Liu et al. (2020)
revisited this topic by measuring the CAP in “low-level” noise exposed rats against those of a
control group. Recognizing that most animal studies using AAE used relatively high-level sounds,
and that most human studies and clinical protocols with AAE use much lower sound levels, Liu et
al. (2020) investigated the effects of AAE over a wide range of levels. They reported that exposures
greater than 55 dB SPL produced a significant reduction in CAP amplitudes while levels below
that did not. Importantly, none of their higher AAE levels caused irreversible damage to the neural
output of the cochlea, as reflected by a full recovery in CAP amplitudes within seven days. Thus,
complex bottom-up and top-down circuitry may be able to regulate homeostasis in both peripheral
and more central auditory regions. Furthermore, suprathreshold “hidden hearing loss” (Kujawa
and Liberman, 2015; Liberman and Kujawa, 2017), associated with changes in synaptic ribbons
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in the cochlea, may also be a contributing peripheral mechanism that warrants further
consideration in the future.
Hearing aid acclimatization
Audiologists and hearing aid users alike have recognized that a period exists after fitting where
the listener adapts to the newly amplified acoustic information. This period has been termed the
acclimatization period and was defined at the 1996 Eriksholm Workshop on auditory attenuation
and acclimatization as a “systematic change in auditory performance with time, linked to a change
in the acoustic information available to the listener. It involves an improvement in performance
that cannot be attributed purely to task, procedural or training effects” (Arlinger et al., 1996). The
acclimatization phenomenon has been explicitly assessed through changes in speech perception
performance, the ability to extract signals from background noise, the loudness of amplified sound,
and the aversiveness to sound quality over time, to name a few domains. Historically, evidence for
acclimatization has been mixed. In fact, Cox and Alexander (1992) found conflicting subjective
and objective evidence for improvement over the first ten weeks of hearing aid use within the same
study. Measures of subjective benefit on the Profile of Hearing Aid Benefit (Cox et al., 1991)
showed self-reported improvement over time for all categories of listening situations (including
reverberant and noisy background environments), however, objective hearing aid benefit as
measured using the connected speech test (CST; Cox et al., 1987) only showed improvement for
certain listening environments classified as everyday listening situations that are less challenging.
Again, this same phenomenon was present in one of the largest prospective hearing aid
acclimatization studies (n = 134 new hearing aid users; Humes et al., 2002) to date. Humes et al.
(2002) showed virtually no improvement in speech perception on both the CST and the nonsense
syllable test (NST; Levitt and Resnick, 1978); however, they did report significant self-reported
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improvements over time on the speech-in-noise subscales of the Hearing Aid Performance
Inventory (Walden et al., 1984), and near significant improvements on the Hearing Handicap
Inventory for the Elderly (Ventry and Weinstein, 1982). Munro and Lutman (2004) reported
significant improvements in self-reported satisfaction and benefit using the Glasgow Hearing Aid
Benefit Profile (GHABP; Gatehouse, 2000) over a 24-week period of unilateral hearing aid use.
More recently, Dawes et al. (2014) reported the results of a focus group with elderly hearing aid
wearers regarding their experiences with adjusting to amplification for the first time. During the
initial fitting period, participants described their experience with the amplification, and particularly
loud background noise, as “aversive” and “overwhelming”. After wearing the hearing aids for a
few days, the participants noted that these initially aversive perceptions were no longer
bothersome. Two participants in the focus group reported that if there were any periods where the
hearing aids could not be used, the aversion to the sound quality returned upon using the hearing
aids again. The subjects both acknowledged that a readjustment period to adapt to the new sound
was necessary. Not all studies that have used self-report measures have reported results consistent
with acclimatization to hearing aids. Self-report measures may suffer placebo effects, such that
subjects’ perception of their experience may not actually reflect realistic functional performance
(Buck and Donner, 1982; Jones et al., 2019). For instance, Vestergaard (2006) investigated the
way new hearing aid users perceive the benefit and satisfaction immediately following the fitting,
through 13 weeks post-fitting. Several subscales of satisfaction and benefit had much poorer face
validity immediately following the fitting than at later time points, indicating that subjects’
criterion for benefit and satisfaction often changes over time with more hearing aid use. Malinoff
and Weinstein (1989) used the HHIE to study improvements in hearing aid benefit over a yearlong period of hearing aid use, and reported that while there was a dramatic initial improvement
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seen after three weeks of use, users had higher perceived handicap at three months post-fitting,
which remained stable through the year one visit. They attributed the initial improvement seen at
three weeks post-fitting indicative of the initial excitement of new experiences with sounds,
however it did not follow the pattern showing improvements over time.
Perhaps more puzzling are the mixed results from studies of acclimatization that have used
speech perception as the primary marker of acclimatization. There are certainly several
documented cases of improvements in speech-related outcome measures that were not attributed
to a practice effect. Many of the early studies that laid the groundwork for the idea of perceptual
acclimatization reported significant improvements on speech perception tasks (Cox et al., 1996;
Cox and Alexander, 1992; Gatehouse, 1993, 1992). For example, there have been documented
improvements in hearing aid benefit on the NST over an 18-week period of hearing aid use
(Horwitz and Turner, 1997) and on the Four Alternative Auditory Features test (FAAF, Foster and
Haggard, 1987) following a 12-week period of unilateral hearing aid use (Munro and Lutman,
2003). Reber and Kompis (2005) showed a statistically significant improvement in speech
intelligibility in noise and in quiet without any participants requiring any significant increases in
hearing aid gain over a six-month period. More recently, Lavie et al. (2015) showed improvements
on an unaided dichotic listening task (in the non-dominant ear) and a speech-in-noise task for
listeners after eight weeks of bilateral hearing aid use, and suggested that these changes were
evidence for acclimatization in dichotic and other difficult listening situations Likewise, there are
several studies that were not able to show evidence of acclimatization using speech perception
outcome measures (Bentler et al., 1993; Dawes et al., 2014c; Dawes and Munro, 2017; Humes et
al., 2002; Humes and Wilson, 2003; Taylor, 1993). While Dawes and Munro (2017) did not detect
significant acclimatization effects in their sample, they did report a modest improvement in new
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hearing aid users when only including listeners with more severe hearing losses who wore the
hearing aids consistently. Inconsistent outcomes in the acclimatization literature are likely the
byproduct of inconsistent study design, time differences in initial baseline testing, the use of a
control group versus a control condition, including subjects with different degrees of hearing loss,
and using subjects who were previously fit with an array of different types of hearing aids (Palmer
et al., 1998).
Speech perception is not the only perceptual domain that has been investigated in terms of
acclimatization. Though several of these investigations do not explicitly refer to the phenomenon
as acclimatization, the general idea holds that systematic changes over time occur following the
persistent use of hearing aids for the first time. For instance, changes in loudness perception,
intensity discrimination, and uncomfortable loudness levels (Hamilton, 2007, Hamilton and
Munro, 2010; Philibert et al., 2005, 2002) have been documented following hearing aid use.
Electrophysiological measures, such as the auditory brainstem response (ABR; Dawes et al., 2013;
Munro et al., 2007; Philibert et al., 2005) and cortical responses such as the N1-P2 responses to
pure tones (Bertoli et al., 2011; Dawes et al., 2014c; Gatehouse and Robinson, 1996) and tone
bursts (McCullagh, 2009), and more recently, auditory processing times of speech in noise
revealed through eye tracking measurements (Habicht et al., 2018) have been used to investigate
acclimatization effects over time following hearing aid use. Again, the results have been mixed
using these measures.
Hearing aid acclimatization and central gain
A recent version of a popular hearing aid textbook used in many graduate level audiology
programs states that hearing aid acclimatization is separate from the idea that, as a listener adapts
to amplification, they may require and accept more gain over time, thus enhancing audibility
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(Ricketts et al., 2019, p. 733). As demonstrated, there are many overlaps in the hearing aid
acclimatization and central gain research literature. One might argue that hearing aid
acclimatization is not only related to changes in central gain, but that acclimatization depends on
it. For instance, expanding a listener’s dynamic range through changes in loudness perception may
certainly have implications for sound quality and perhaps speech perception while using
amplification. Research informs us that a severely reduced dynamic range, along with other
factors, certainly can influence aided speech perception and sound quality depending on the
compression characteristics of the hearing aids (Bor et al., 2008; Souza et al., 2005). Hearing aids
use amplitude compression to improve the audibility of low-level sounds while avoiding overamplification of moderate- and high-level sounds. Improving audibility, however, comes at a cost
of due to the introduction of distortion and phoneme-specific spectral flattening relating to wide
dynamic range compression strategies deployed in multi-channel hearing aids (Bor et al., 2008;
Rosengard et al., 2005; Souza et al., 2019, 2005; Tan and Moore, 2008). Changes in loudness
perception may allow hearing aid users to accept a less compressed, more linearly amplified, and
less processed signal. These changes may not necessarily be detected using our standard measures
of speech perception but may be reflected in the underlying mechanisms, such as expansion of the
dynamic range, that are believed to be correlated with better speech understanding.
Goals of this dissertation
Overarching goals
To our knowledge, there are no studies to date that simultaneously investigate central gain in
both young, normal hearing adults, and in older adults with presbycusis. Understanding the effects
of aging and hearing loss on the propensity of the auditory system to adapt to changes in acoustic
input are crucial for rehabilitation strategies. Certainly, an understanding of central gain in an aged
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auditory system would influence current computational models of hearing loss, tinnitus, and
hyperacusis; disorders often considered to be related to an abnormally functioning central gain
mechanism within the auditory system. Chapter 2 of this dissertation will investigate classic as
well as powerful and novel methods of measuring central gain processes in young, normal hearing
adults, thereby establishing sensitive measures of central gain. Chapter 3 of this dissertation will
investigate measures of central gain, defined in Chapter 2, in older adults with presbycusis. This
is a crucial step in understanding how central gain may be leveraged in a degraded auditory system
through hearing rehabilitation strategies, including the use of traditional hearing aids as well as the
use of sound generators.

The first manuscript included in this dissertation (Chapter 2) describes two experiments
designed to investigate the effects of short-term acoustic attenuation via earplugging and acoustic
enhancement via ear-level sound generators on measures of central gain in young, normal-hearing
participants. In the first experiment, acoustic attenuation was introduced via a unilateral earplug
that was worn for a period of two weeks. A test battery including ARTs and loudness perception
served to affirm previous results in the literature (Brotherton et al., 2017; Formby et al., 2015,
2007, 2003). Expanding on this knowledge, we investigated the persistence of, or perhaps the
recalibration of central gain at more central locations within the auditory system, specifically the
auditory cortex. To better understand the representation of (putative) changes in central gain within
the central auditory system, we used multi-channel electroencephalography (EEG) methods to
measure the auditory steady state response (ASSR). The ASSR has been associated with perceptual
changes in loudness (Ménard et al., 2008; Van Eeckhoutte et al., 2018a, 2018b), has been
correlated with speech perception in noise (Millman et al., 2017), and also represents a relatively
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stable level of sound-induced neural activity as opposed to onset and offset responses typically
evoked by short-duration stimuli.
The second experiment reported in the first manuscript investigates the influence of bilateral
AAE delivered via sound generators on measures of central gain, including those obtained in first
experiment in subjects receiving the earplug. A focus of this study was to establish whether or not
EEG measures of the ASSR could capture AAE-induced plasticity at the level of the auditory
cortex and to determine how such measures relate to AAE-induced plasticity in the auditory
brainstem as indexed by ARTs. Together, changes in these measures of central auditory function
during and following sound generator use can improve our understanding of central gain
modulation induced by sound generators as a form of an enhanced acoustic environment.

The second manuscript in this dissertation investigates central gain in older adults with
typically presenting presbycusis. An understanding of central gain in a degraded auditory system
is crucial for our perspectives of various hearing rehabilitation strategies involving hearing aids
and sound generators; two types of acoustic enhancements that are commonly used in individuals
with hearing loss and other hearing disorders such as tinnitus and hyperacusis. In particular,
Chapter 3 will discuss central gain in the context of hearing aid acclimatization; the phenomenon
by which listeners with hearing loss adapt to newly-amplified sound. To achieve these goals, older,
hearing-impaired subjects wore bilateral hearing aids that emitted both sound generator noise as
well as traditional amplification daily, for a period of two weeks. We evaluated changes in central
gain based on ARTs and the ASSR (of which the utility is established in Chapter 2), as well as two
other outcome measures; an amplitude modulation detection task and a speech-in-noise task.
Ultimately, our goal in Chapter 3 is to establish the phenomenon of central gain in the auditory
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system of older adults with hearing loss, compared to young, normal hearing adults, providing
crucial information regarding what can be expected of an aging auditory system. Additionally, we
discuss the role that central gain plays in the rehabilitation of hearing loss by viewing it through
the lens of hearing aid acclimatization.
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Acoustic deprivation and enhancement modulate gain in the auditory brainstem and
cortex
Abstract
The effects of hearing loss extend well beyond reduced audibility. There is convincing
evidence that the auditory system adapts according to the rules of homeostatic plasticity in
response to a hearing loss, as well as following the use of traditional amplification. These
compensatory changes have been termed central gain. Earplugging is a common method of
inducing a temporary, reversable hearing loss that induces changes that have been described as an
increase in central gain. Additionally, ear-level sound generators have been used to investigate,
though not as extensively as with changes in central gain, often in the context tinnitus and
hyperacusis treatment. In the present study, subjects wore either a unilateral earplug, or bilateral
sound generators four and six weeks, respectively. During the acoustic treatment periods, we
measured changes in acoustic reflex thresholds (ARTs), loudness perception, and the corticallyevoked (40 Hz) auditory steady-state response (ASSR). Results of these experiments show
compensatory effects following both types of sound treatment. In the earplugging group, there was
an average 10-12 dB decrease in ARTs during the treatment period. The ASSR showed significant
changes over time, in both the magnitude of responses obtained from source-localized data, as well
as in the change in laterality of the response that is consistent with cortical redistribution of
stimulus processing. Additionally, modest increases in loudness were detected after one week of
earplug use, but not after two weeks. For subjects who wore bilateral sound generators, there was
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a significant 2-4 dB increase in ARTs. Additionally, there was a reduction in the magnitude of the
source-localized ASSR, and a redistribution (more centralized representation) of cortical activity
between hemispheres during the treatment period. These changes seen in both groups are
consistent with central gain that is evident in both the auditory brainstem and cortex; increased
gained following auditory attenuation and decreased gain following auditory enhancement.
Importantly, these results show that ARTs and the ASSR are viable and sensitive measures for
identifying central gain in young, normal hearing listeners.
Introduction
The auditory system has an intrinsic ability to adapt to changes in peripheral auditory input.
Adaptation to such changes in input is reflective of the plasticity in the central auditory system and
has been studied in the context of different aspects of audition such as loudness perception and
intensity discrimination (McKinney et al., 1999; Munro, 2008; Munro and Trotter, 2006; Olsen et
al., 1999; Philibert et al., 2002; Robinson and Gatehouse, 1995). While plasticity in the central
auditory system ideally functions to enhance and improve auditory perception, there also may be
consequences that are undesirable. For instance, hearing disorders such as tinnitus (phantom sound
perceptions, in the absence of an external source of sound) and hyperacusis (abnormally magnified
loudness growth and perception) are often believed to be related to maladaptive processes that
occur in the central auditory pathway, often following a hearing loss (Gu et al., 2010; Noreña,
2011; Noreña and Farley, 2013; Schaette and Kempter, 2009, 2006; Schaette and McAlpine,
2011). Understanding the adaptive and maladaptive mechanisms associated with plasticity will
assuredly have implications for current perspectives on targeted therapies for treating tinnitus and
hyperacusis, will help to improve auditory models that incorporate plasticity effects, and inform
clinical guidelines regarding the timeline and expectations for rehabilitation. In this study, we will
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investigate these adaptive processes in young, normal hearing subjects using two methods: 1)
simulating a temporary, reversable hearing loss by having participants wear a single earplug for
two weeks, thus reducing, or attenuating the acoustic input, and 2) using the acoustic portion of a
common form of sound therapy (clinically used to treat tinnitus and hyperacusis, often referred to
as “sound generators,”) as a method of enhancing input to the auditory system. This study
embraces electrophysiological measures as a novel way to detect and characterize the neural
representation of these adaptive processes which is unknown in humans. The knowledge gained
through these experiments will be important in laying the foundation for future research on the
plasticity in the aging auditory system.
Acoustic attenuation and enhancement
Short term, continuous attenuation of acoustic input through earplugging has been used to
parallel the effects of hearing loss in humans. Earplugging is a simple way of introducing a
temporary, reversable hearing loss and has been a useful approach in investigating changes in
auditory processing. Formby et al. (2003) demonstrated the effects of acoustic attenuation via
earplugging using the Contour Test of Loudness Perception (Contour test; Cox et al., 1997). The
Contour test is a loudness scaling procedure where sounds (typically pulsed warble tones) are
presented to a listener who categorizes the perceived loudness of the sound as one of seven
categorical values from “Very soft” through “Uncomfortably loud”. Following two weeks of
continuous acoustic attenuation, subjects rated the same sounds as being louder than before earplug
use. In fact, the authors report that study participants matched their pre-exposure loudness category
ratings at levels 5 to 9 dB lower for categories rated as comfortable and louder (e.g., Categories 4
to 7). The authors suggest that short-term continuous attenuation of acoustic input led to a
progressive increase in loudness perception over time due to increased central gain. In contrast to
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sound attenuation, sound enhancement also has been used to study the effects of plasticity in the
central auditory system. Sound enhancement refers to the use of a non-traumatic, continuous
exposure to an externally generated sound. Examples of acoustic enhancement for humans
includes sound generators or amplification (traditional hearing aids). Following two weeks of
chronic sound enhancement via ear-level sound generators, Formby et al. (2003) reported a
decrease in loudness perception (i.e. greater tolerance for loud sounds). That is, listeners required
an additional 4 to 8 dB to match their pre-exposure loudness category ratings on the Contour test
for stimuli judged to be comfortable and louder (e.g. Categories 4 to 7). This was also interpreted
as a change in central gain, however the direction of the change was opposite of that seen using
earplugs. Fascinatingly, the amount of change in loudness perception was nearly equal in
magnitude as was reported with earplugs. Similar results have been reported in other studies with
young, normal hearing adults as well as in hyperacusic populations (Formby et al., 2017c, 2015,
2007). The results of these studies are in agreement with evidence of elevated uncomfortable
loudness levels (Hamilton and Munro, 2010; Munro and Trotter, 2006), loudness discomfort levels
(Munro et al., 2007b), and data from other loudness scaling procedures (Munro and Merrett, 2013;
Olsen et al., 1999; Philibert et al., 2005) following monaural and bilateral hearing aid experience,
a different form of acoustic enhancement.
Plasticity in the auditory system
Central auditory plasticity associated with adaptation to either continuous enhancement or
attenuation of the acoustic environment is consistent with neural homeostatic plasticity – a
phenomenon that aims to maintain the functional stability of neural activity in response to a
persistent alteration in auditory input. Homeostatic plasticity has been described as the process of
selective strengthening and weakening of synapses in order to stabilize neuronal activity while
35

maintaining neuronal network selectivity (Turrigiano, 1999). This change in the potentiation of
neural circuits, referred to hereafter as “central gain”, also has been interpreted as “an internal
volume control” (e.g., Brotherton et al., 2015); the complex series of processes that lead to an
increase (or decrease) in the gain for selective auditory inputs. While an internal volume control
seems appealing in the case of hearing loss, excessive central gain of spontaneous neural activity
may partially explain the perception of tinnitus resulting from auditory deprivation (Hébert et al.,
2013; Noreña, 2011; Noreña and Farley, 2013; Schaette and Kempter, 2008, 2006; Schaette and
McAlpine, 2011) as well as reduced sound tolerance in the case of hyperacusis (Gu et al., 2010;
Knudson et al., 2014; Noreña and Farley, 2013). Though there is ample evidence of such gain
processes, there are many unanswered questions about such a self-regulating gain mechanism in
the human auditory system. It is imperative to develop methods that can detect changes in gain
that are consistent and sensitive, and that provide inside into where such gain occurs throughout
the auditory system.
Evidence of central gain in the auditory brainstem
While loudness perception as measured through behavioral loudness judgments may be
influenced by higher level (i.e., cortical) processes of the auditory system, there also is evidence
of plasticity in the brainstem related to central gain mechanisms. The acoustic reflex, or middle
ear muscle reflex (MEMR), engages a brainstem pathway that involves ipsilateral and contralateral
brainstem nuclei and terminates with the bilateral contraction of the stapedius muscle in the middle
ear (Borg, 1973; Pascal et al., 1998). The acoustic reflex threshold (ART) is the lowest sound
pressure level to elicit this reflex, as measured by a probe in the ear canal that detects a brief change
in the admittance characteristics of the middle ear system. The ART has been used to document
changes in neural function following auditory attenuation via earplugs (Brotherton et al., 2017,
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2016; Maslin et al., 2013; Munro and Blount, 2009) as well as following auditory enhancement
with monaural use of amplification (Munro et al., 2007b; Munro and Merrett, 2013). The earplug
studies cited above demonstrated that after a period of acoustic attenuation with an earplug, the
minimum sound pressure level required to elicit the acoustic reflex (i.e., ART) was decreased
relative to baseline measurements (Brotherton et al., 2017, 2016; Maslin et al., 2013; Munro and
Blount, 2009). Conversely, Munro and Merrett (2013) demonstrated that ARTs increased
following monaural, short-term experience with amplification, reaffirming previous evidence
showing elevated ARTs in the aided ear of elderly, monaural hearing aid users (Munro et al.,
2007b). While these results indicate that central gain may be evident at an early processing stage
in the auditory pathway, it is unknown whether these effects are maintained throughout higher (i.e.
cortical) levels of auditory processing, or if such effects are related to loudness perception.
Evidence of central gain in the auditory cortex
Evidence of central gain at the cortical level is limited, however changes in loudness
perception following acoustic attenuation via earplugging and enhancement via sound generators
indicates that some degree of change is preserved beyond the level of the brainstem acoustic reflex
pathway. A neural correlate of loudness growth would be useful in understanding the processes
involved in central gain and whether or not such changes are simply preserved from lower
structures of the system, recalibrated, or further adapted in higher structures. The auditory steadystate response (ASSR), also known as the envelope-following response (EFR), has been proposed
as an electrophysiological measure that parallels loudness growth (Kubota et al., 2019; Ménard et
al., 2008; Van Eeckhoutte et al., 2018a, 2018b, 2016). The ASSR is a physiological response that
is phase-locked to the periodicity of a modulated tone or noise and can be measured using several
recording techniques, including electroencephalography (EEG; Picton et al., 2005, 2003).
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Clinically, the 80-Hz ASSR has been used to assess brainstem processing as a steady-state
alternative to the traditional transient-evoked auditory brainstem response (ABR); however, the
utility of this response is manifold. For example, the 80-Hz ASSR has been shown to be a viable
method for indexing loudness recruitment at the level of the brainstem resulting from cochlear
hearing loss (Kubota et al., 2019), and may also be useful for indexing changes in loudness
perception at higher levels of the auditory system. Ménard et al. (2008) showed that in normalhearing listeners (i.e. without loudness recruitment), there was a higher correlation between ASSR
amplitude growth and behaviorally obtained loudness growth functions than between the ASSR
amplitude-intensity functions. A stepwise, multiple linear regression analysis of their data showed
that more of the variance in the ASSR amplitude data was explained by loudness than the intensity
growth functions. Van Eeckhoutte et al. (2016) showed that ASSR magnitude growth functions
and loudness growth functions were almost identical in shape for hearing-impaired and normalhearing subjects and that ASSR amplitudes were a good predictor of the behavioral loudness
scaling results, especially for hearing-impaired subjects. Additionally, the utility of the EFR has
been demonstrated in the animal research as a potential tool for investigating age and hearing loss
related changes in rats. Lai et al. (2017) reported enhanced EFRs with aging and attributed the
increase in the magnitude of the response to a compensatory increase in central gain. Given the
results from these studies, the ASSR may be a useful, objective tool in investigating central gainrelated changes following both acoustic attenuation and enhancement.
Neural generators of the ASSR
Neural generators of the ASSR are known to exist throughout the auditory pathway; however,
contributions from dominant sources can vary depending on the stimulus modulation rate, such
that higher modulation rates (e.g., 80 Hz) reflect dominant activity in the brainstem, whereas
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slower modulation rates (e.g., 40 Hz) reflect dominant contributions from cortical sources within
and beyond the auditory cortex (AC; Herdman et al., 2002; Picton et al., 2003; Luke et al., 2017;
Farahani et al., 2017, 2019). As such, the cortically-evoked ASSR would be useful for
investigating how changes in peripheral input to the auditory system (e.g., sound attenuation or
enhancement) might alter auditory processing at higher levels of the auditory system, and for
further investigating changes in loudness perception that may result from changes in central gain
(Formby et al., 2017a).
In an effort to identify specific cortical generators of the ASSR, a variety imaging and source
localization techniques have been used to evaluate cortical and subcortical contributions to the
ASSR. Reyes et al. (2004) used positron emission tomography (PET) to demonstrate peak
activation in the right and left primary auditory cortices, the left medial geniculate body, as well
as the right middle frontal gyrus in response to a unilaterally presented (right ear) AM tone. Both
EEG and magnetoencephaolography (MEG) studies of the ASSR also have demonstrated
contributions from the left and right primary and secondary auditory cortices and some nonprimary cortical sources (Farahani et al., 2019, 2017; Gutschalk et al., 1999; Herdman et al., 2002;
Luke et al., 2017; Pantev et al., 1996; Roß et al., 2005). Further, some investigations have shown
hemispheric differences in the distribution of ASSR activity for monaural and binaural stimulus
presentation. Luke et al. (2017) used EEG to investigate source localization of the ASSR for
acoustic and electric (i.e., cochlear implant) hearing and showed a complex pattern of hemispheric
laterality that depended on both modulation rate and ear of stimulation. Specifically, for those with
acoustic hearing, a right hemisphere dominance was observed for 40-Hz modulation rates
regardless of whether the stimulus was presented monaurally to the left or right ears or diotically
to both ears. For those with electric hearing, the hemisphere contralateral to the implanted ear was
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preferentially activated. If the ASSR is to serve as an index of cortical change in central gain
following changes in peripheral input to the auditory system, it is important to evaluate
contributions from both right and left hemispheres, especially if the experimental paradigms
induce differences across hemispheres.
With EEG or MEG, source localization analytical methods complement sensor-based analyses
by estimating where in the brain the scalp-recorded potentials may be generated and how those
cortical sources may vary across test conditions within or across individuals, or between groups of
individuals for the same condition. One such method is dynamic statistical parametric mapping
(dSPM; Dale et al., 2000). This approach uses the minimum norm estimate (MNE) method to
generate current density maps, and then normalizes neural activity at each cortical location within
the map by the noise sensitivity (i.e., standard error) at each location. The resulting statistical
parametric map (SPM) reflects the statistical reliability of the neural signal, referenced in z-score
values, at each cortical location with millisecond accuracy. While EEG source localization
methods have limitations in terms of spatial resolution, as compared to other imaging techniques
(e.g., fMRI, PET), they provide excellent temporal resolution and are beneficial in evaluating the
dynamic spatiotemporal distribution of neural activity during auditory and other perceptual tasks
(e.g., Dale et al., 2000; He et al., 2018; Stropahl et al., 2018).
Objectives
The present study was designed to investigate central gain in using both subjective and
objective outcome measures, across the auditory system. The test battery selected reflects a
combination of classical outcome measures (Contour test, ARTs) used to show changes in the
auditory system over time after different acoustic treatments, as well as the implementation of a
potential electrophysiological correlate of central gain (ASSR), which to our knowledge, has not
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been investigated following continuous acoustic attenuation or enhancement in humans. The
cortically-evoked ASSR allows us to investigate changes in cortical processing. If changes are
observed following sound treatments, our EEG analysis techniques will inform current
perspectives of central gain modulation as reflected along the auditory pathway from brainstem to
cortex.
The primary goal of the present study was to investigate brainstem and cortical homeostatic
plasticity following both short-term acoustic attenuation through unilateral earplug use and with
short-term low-level acoustic enhancement through bilateral, ear-level sound generator use.
Young, normal-hearing adults were recruited to participate in one of two experiments; either
receiving monaural auditory attenuation through ear-plugging or bilateral low-level auditory
enhancement via ear-level sound generators. There are several methodological differences in the
two study arms; however, they were designed to be complimentary and to enhance the current
literature on the effects of different sound treatments on central gain. Both groups were evaluated
over time with behavioral measures of loudness perception and brainstem and cortical measures
of suprathreshold auditory processing.
Loudness perception was evaluated using the Contour test following the procedures of
Formby et al. (2007), who studied the effects of both earplugging and sound generators on loudness
perception. Brainstem function was evaluated using ARTs, which have been used to investigate
effects of attenuation with earplugs but not effects of sound enhancement via sound generators.
The cortically-evoked ASSR is introduced as a novel index of central gain modulation and has not
been reported previously in studies of acoustic attenuation or enhancement in humans. We
hypothesized that ARTs would be reduced in the plugged ear following auditory attenuation,
consistent with the literature on unilateral earplugging (Brotherton et al., 2019, 2017, 2016; Munro
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et al., 2014). Importantly, using a unilateral paradigm (as opposed to bilateral earplugging; e.g.,
Formby et al., 2007, 2003) allows us to replicate and validate the known effects of unilateral sound
attenuation on loudness and acoustic reflexes while also investigating the novel inclusion of the
cortical ASSR. If cortical changes simply mirror observed brainstem changes, we hypothesize that
the ASSR will show similar patterns of change as the ARTs. Additionally, it is of interest for us to
not only investigate changes in the plugged ear, but also to investigate changes in the not-plugged
ear to investigate cross ear effects, which may help us better understand where the gain process is
first identified in the auditory system.
Though the details are less clear, there also is evidence for adaptation to both unilateral and
bilateral acoustic enhancement, whether it be through sound generators (e.g. Formby et al., 2015,
2007, 2003) or amplification (e.g. Hamilton and Munro, 2010; Maslin et al., 2013; Munro et al.,
2007; Munro and Merrett, 2013; Munro and Trotter, 2006). Changes in loudness perception have
been documented following bilateral sound generator use, however studies using sound generators
in this context are limited. Our goal for the sound generator experiment was to quantify and
characterize changes in brainstem (ART) and cortical (ASSR) measures of central gain that are
consistent with central gain mechanisms following bilateral sound generator use (e.g. Formby et
al., 2007, 2003).
We hypothesized that there would be a shift in ARTs (i.e., increased threshold due to reduced
sensitivity) in either or both ears following acoustic enhancement with sound generators, consistent
with what has been shown following short-term exposure to amplification (Munro and Merrett,
2013). Likewise, if cortical changes mirror brainstem changes, then similar patterns of change in
ASSR (i.e., reduced magnitudes due to reduced sensitivity) will be observed in source-localized
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data from both left and right hemispheres. Both of these changes in brainstem and cortical function
would be interpreted as a modulation in auditory central gain.
Method
A total of 24 normal-hearing participants were enrolled (21 females, 3 males; median 21.5
years, range 19-35 years). Each participant underwent a standard intake protocol including pure
tone air- and bone-conduction audiometry, immittance testing (tympanometry, acoustic reflex
thresholds), and speech-in-noise testing using the Hearing-In-Noise Test (HINT). Normal hearing
sensitivity was defined as having pure-tone thresholds <25 dB HL at octave frequencies from 0.25
kHz to 8 kHz, bilaterally, with no asymmetry between ears that exceeds 10 dB at any frequency
(see Figure 2.1). Additionally, cognitive function was screened using the Montreal Cognitive
Assessment (MoCA; Nasreddine et al., 2005). None of the participants were previous hearing aid
users, nor did they consistently use earplugs. Participants were compensated monetarily for their
time. All procedures were approved by the University of South Florida Institutional Review Board.
Participants were assigned to one of two experimental groups based on the timeframe in which
they were enrolled. Subjects were either designated to wear a single earplug in the left ear
(Experiment 1; sound attenuation; “SA”) or bilateral receiver-in-the canal hearing devices
(Experiment 2; sound generators; “SG”), with 12 subjects recruited for each group. Subjects were
first enrolled into the SA group, and the remaining subjects were enrolled in the SG group. One
subject in the SA group was unable to complete one of the mid-study appointments due to illness,
one subject in the SG group declined to participate in the EEG portion of the study although they
completed the other test measures, and another subject in the SG group was disqualified from the
study due to non-compliance with device use. Unless otherwise stated, data from 12 SA and 10
SG participants were included in the analysis for the measures obtained.
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Figure 2.1: Audiometric profiles of subjects. Error bars indicate standard deviation.
Experiment 1: Sound Attenuation
Subjects in the sound attenuation (SA) group wore a single silicone earplug (Mack’s Pillow
Soft silicone putty earplug) in the left ear. Previous literature (Edgar et al., 2014), as well as
unpublished pilot data from our lab, has indicated that the cortical ASSR in response to monaural
stimulus delivery is processed differently in the right and left hemispheres; therefore, to control
for potential ear effects on cortical function, the plugged ear was the same for all participants. The
left ear was chosen due to the of predominantly right-hemisphere laterality of the ASSR (Luke et
al., 2017; Roß et al., 2005, 2000), and because much of the ascending auditory pathway traverses
to the contralateral cortex relative to the ear of stimulation (Luke et al., 2017), the left ear was
chosen to maximize the response. Subjects were trained on the proper earplug insertion technique
and demonstrated with the experimenter the ability to correctly place the earplug in the ear before
taking acoustic attenuation measurements. The sound attenuation resulting from the earplug was
measured using a commercial probe-microphone system (Audioscan Verifit 2). A probe tube
connected to the measuring microphone was inserted into the unoccluded left ear canal to a
standard insertion depth of 28 mm. The real-ear unaided response (REUR) was recorded using
pink noise presented at 65 dB SPL from the system loudspeaker placed ~18 inches in front (0
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degrees azimuth) of the participant. The experimenter then held the probe in place while the
participant was instructed to insert the earplug according to the training. After the earplug was in
place, the real-ear occluded response (REOR) was recorded. Attenuation from the earplug was
measured as the difference between the REOR and the REUR. To obtain reliable attenuation
estimates, this procedure was repeated three to five times, or until measurements were repeatable
within ±3 dB at 500 Hz and 3000 Hz. Average attenuation values from these measurements are
displayed in Figure 2.2. There is a possibility that the low frequency attenuation (below 1000 Hz)
is underestimated due to slit leaks caused by probe tube placement between the wall of the ear
canal and the earplug. Subjects were instructed to wear the earplug for 23 hours/day, with one hour
provided for bathing and to allow for the ear canal to dry before reinsertion. Participants in the SA
group wore the plug for a total duration of two weeks. Studies of central gain have documented
changes within the first week of earplug usage, and therefore two weeks was judged to be sufficient
to document changes in central gain.

Figure 2.2: Average attenuation measurements from earplugs. A negative shift indicates a
decrease in sound level measured at the eardrum. Error bars indicate standard deviation.
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Experiment 2: Sound Generators
SG group participants were fitted with bilateral mini receiver-in-the-canal (RIC) hearing
devices (Unitron Moxi Fit Pro) with open-dome coupling. These hearing devices can function as
(1) hearing aids when the microphones are engaged and gain is applied to the input, (2) sound
generators when the internal sound generating algorithm is engaged and configured, and (3) a
combination hearing aid and sound generator when both features are engaged. In this experiment,
muting the microphones ensured that the hearing aid amplification function of the devices was not
engaged. To configure the sound generators, the devices were inserted into each ear, and the
desired sound generator output was configured. The following fitting procedure was developed so
that the sound generator output mimicked the frequency response of the sound generators used in
previous studies (Formby et al., 2007, 2003). The sound generator frequency response was
determined by a simple masking procedure, using the sound generator noise to mask a pure-tone
signal under headphones (HDA-200). The first step in the fitting procedure was to determine the
pure-tone air-conduction thresholds under circumaural headphones (HDA-200) in 2 dB increments
using a modified Hughson-Westlake procedure (Hughson and Westlake, 1944). Next, the hearing
device sound generator was enabled and set to emit a constant broadband noise. The spectral shape
of the noise as measured in the ear canal is dependent on the resonant (filtering) properties of the
ear canal. Thus, the same noise delivered to different ear canals results in a different spectral shape
and level for each ear. To control for spectral shape and level, the sound generator was adjusted
across the frequency range of the devices to provide the same degree of frequency-specific
masking for all subjects. The initial spectral shape of the noise was determined by the fitting
software algorithm and the overall level was set below the subjects’ threshold for audibility. Next,
the level of the sound generator output was increased (through settings in the hearing device fitting
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software) until a threshold shift of 20 dB was obtained at 3000 Hz. To reduce the overall loudness
and aversiveness of the sound generator, to reduce any masking of environmental sounds by the
sound generator, and to match the spectrum of the sound generator used in the Formby studies,
low-frequency sound generator output (2 kHz and below) was reduced until the threshold shift was
less than 9 dB at 2 kHz and the high-frequency sound generator output (6 kHz and above) was
reduced until the threshold shift was less than 5 dB at 6 kHz. The amount of masking was
determined by comparing the difference between the threshold with the sound generator engaged
and the threshold with the sound generators muted. Average threshold shifts and the standard
deviations are shown in Figure 2.3 (panel A). Note that real-ear measurements were not obtained
because the sound pressure level of the sound generator output often was near or below the noise
floor of the real-ear system (Audioscan Verifit 2) which was established prior to testing. Average
estimated sound generator output for a 2-cc coupler as provided by the manufacturer fitting
software is shown in Figure 2.3 (panel B). Microphones, all sound-processing features, and manual
device mounted controls (i.e. push buttons and volume control) were disabled for the duration of
the experiment. Participants were instructed to wear the sound generators for at least twelve hours
per day for a total of four weeks. The longer period of use, as compared to the earplug group, was
chosen because this dose (daily use × number of days) was estimated to be reasonably accepted
and likely to induce changes in loudness perception and our other outcome measures. The
necessary dosing is not well established in the literature, and therefore wear time was maximized
withing the scope and time frame of the project. Wear compliance was monitored by the automatic
hearing aid data-logging information provided by the manufacturer’s software and through the use
of a battery use log. Participants were disqualified from the study if the average wear time fell
below ten hours per day. As previously mentioned, one participant was dismissed from the study

47

as data logging revealed the devices were only used for an average of <1 hour/day over the course
of the first week. After excluding this subject from the analysis, the average wear time of the
devices of the remaining eleven participants was 12.6 hours (± 0.25 hours) per day over the 4week period. Participants were counseled on proper insertion, care of devices, expected battery
life, and how to change the batteries.

Figure 2.3a – b: Average threshold shift due to sound generators (panel A). Simulated hearingaid (SG) output (panel B). Error bars indicate standard deviation.
Testing Schedule for Recurrent Measures
Recurrent test measures were obtained at four (SA) or five (SG) time points over the duration
of the study. Baseline measures were obtained prior to treatment on Day 0 (the day of the earplug
or sound generator fitting) and repeated at each subsequent test session. Participants in the SA
group were seen for baseline measurements (Day 0) and were retested on all recurrent measures
at subsequent treatment appointments (Week 1, Week 2), and at a final appointment (Week 4)
which took place two weeks following termination of earplug usage. One participant in this group
was not able to complete Week 1 testing due to illness and their Week 1 data was therefore not
included in the analyses. A similar schedule was followed for the SG group; however, they wore
the devices for an additional two weeks, and were therefore seen for baseline measurements at Day
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0, during treatment at Weeks 1, 2 and 4, and for a final appointment two weeks after the termination
of SG use at Week 6.

Participants were seated in a sound-attenuating booth for all test measures. The unilateral
earplug or bilateral sound generators were removed at the beginning of each test session, but the
subjects were instructed to wear the earplug or SG devices during any breaks in testing. Previous
research has shown that changes in reflex thresholds start to return to baseline values as soon as
several hours following earplug removal (Brotherton et al., 2017), therefore, we streamlined each
test session to complete all measures as efficiently as possible. Immittance measures were
performed using a GSI Tympstar Pro using a standard 226 Hz probe tone. Tympanometry was
performed prior to measuring the ARTs to ensure consistent middle ear function and to obtain the
Equivalent Ear Canal Volume (ECV) and static tympanometric peak pressure (TPP). ARTs were
measured at the TPP on the day of testing. While broadband noise stimuli may elicit ARTs at lower
sound pressure levels than with tones (Dallos, 1964; Gelfand and Piper, 1984), they also can
become quite loud as the presentation level is increased. As an alternative, a high-band noise
(HBN; 1600 to 4000 Hz) was used as the eliciting stimulus since the frequency specificity of the
HBN is more closely aligned with the frequencies attenuated by the earplug, and still produces
lower ARTs over tones. The acoustic reflex threshold was defined as the minimum sound pressure
level required to activate the acoustic reflex with a criterion change in admittance of at least a
0.015 mmho (also specified as equivalent ml or cm3). Stimuli were 1s fixed-duration pulse trains
and were presented at an initial level of 60 dB HL. The stimulus level was increased by 5 dB until
a reflex was determined. The stimulus level then was increased by 5 dB to confirm reflex growth.
This step estimated the expected range of the acoustic reflex and expedited the measurement
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process, which is important following earplug or sound generator removal. The stimulus level then
was decreased by 10 dB and subsequently increased in 1-dB steps until a reflex was obtained. The
acoustic reflex was confirmed by a present and consistent change in admittance on two out of three
repetitions. The stimulus was then increased by 1 to 2 dB to confirm reflex growth.

To quantify potential changes in loudness perception following treatment, a loudness scaling
procedure was adopted. The Contour test was administered prior to treatment on Day 0, and then
at each test session during the treatment, and two weeks following termination of SA or SG use.
The test frequency of 3000 Hz was selected, as the maximum attenuation provided by the earplug
(SA) and the maximum sound level produced by the sound generator (SG) was in the 3 to 4 kHz
range. Stimuli were pulse trains of four, 250-ms, 3-kHz warble (6% amplitude modulated) tones.
Stimulus timing was verified using a Tektronix 2012C digital storage oscilloscope and was
comparable to pulsed warble tone stimuli produced by a GSI 61 audiometer. All stimuli were
generated digitally in MATLAB, converted to analog signals using a TDT RZ6 (Tucker-Davis
Technologies), and routed to circumaural headphones (RadioEar DD450) via TDT headphone
buffers (HB6 or HB7). Stimuli were calibrated in dBA using a Larson-Davis 831 sound level meter
with a ½” pressure microphone mounted in a 6-cc flat-plate coupler. Stimuli were presented in
ascending order starting at 5 dB above the participant’s thresholds at the test frequency (following
methods outlined in Cox, 1996) and increased in steps of 5 dB. Following each stimulus
presentation, participants were instructed to verbally assign one of seven loudness categories to
the stimulus intensity, ranging from “Very Soft” (1) to “Uncomfortably Loud” (7). After rating a
presentation as a 7 (“Uncomfortably Loud”), the intensity reset to the starting intensity and the
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participant repeated the scaling procedure two additional times. The sound level (in dB HL) for a
given response category was taken as the median value of levels assigned to each category.

EEG data were recorded using a high-speed amplifier and eegoTM software (Advanced NeuroTechnology - ANT) and an active-shield, WaveguardTM cap with 64 sintered Ag/AgCl electrodes
(International 10–20 electrode system). The impedance at each of the 64 electrode sites was
maintained at 10 kohm or lower during recording. Additional electrodes were placed on the outer
canthus of both eyes and above and below the left eye to monitor eye movements. Data were
collected and digitized at a rate of 4000 Hz. The carrier stimulus for the ASSR was a continuous
3000 Hz pure tone, sinusoidally amplitude-modulated at a rate of 39.9 Hz (which will hereby be
referred to as “40-Hz”), in order to maximize generator sites within the cortex. The stimulus
intensities for each subject were determined from each participant’s Day 0 Category 6 median
level on the Contour test for the right and left ears (SA group mean level = 87.25 dB HL; SG group
mean level = 87.5 dB HL), in order to assess changes in central gain at a level that was loud but
still tolerable and safe for the participant. This Category 6 level was converted to dB SPL and was
used for each subsequent test session. Stimulus generation, presentation, verification, and
calibration followed the same procedures as for the loudness task above. The amplitude modulated
tone was presented monaurally to each ear for 5 minutes continuously while the participant
watched a close-captioned video on a monitor positioned in front of the subject. Presentation order
(e.g. right or left ear stimulation first) for each ear was counter-balanced across participants and
visits.
Processing of the EEG data occurred offline using Brainstorm (Tadel et al., 2011) software,
which is documented and freely available for download online under the GNU general public
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license that is executed in the MATLAB environment. Raw EEG data were preprocessed by notchfiltering at 60 Hz to remove electrical noise and band-passed filtering from 0.1 Hz to 100 Hz.
Vertical and horizontal eye movements and other movement artifacts were analyzed using the
signal space projection method (SSP; Uusitalo and Ilmoniemi, 1997), as implemented in
Brainstorm, to reduce artifact components while preserving signals of interest. Data were also
visually inspected for artifacts not identified through automated processing steps. The responses
were then re-referenced to the average of all electrodes. The data were epoched in 1-sec intervals
(300 epochs/condition), baseline corrected, and averaged across epochs for analysis at the
electrode or sensor level. Additional source localization analyses were completed in Brainstorm
using dynamic statistical parametric mapping (dSPM; Dale et al., 2000), a method that has been
shown to localize deeper sources within the cortex (Stropahl et al., 2018) and also provides
normalized responses for comparison across individuals. Head model estimates for source
localization were computed using OpenMEEG (Gramfort et al., 2010; Kybic et al., 2005), an opensource program that employs a symmetric boundary element method (BEM) to generate a head
model with three realistic layers representing the scalp, inner skull and outer skull. EEG time
waveforms at both the sensor and source levels were analyzed with a Fast-Fourier Transform
(FFT) to determine the magnitude of the response at the 40-Hz modulation frequency of the ASSR.
Figure 2.4 (panel A) illustrates the representative grand average sensor FFTs for all 64 electrodes
across all subjects in the sound attenuation experiment at baseline (Day 0).

52

Figure 2.4a – b: Representative grand average sensor FFT for 64-electrodes across subjects in
Experiment 1 (panel A); Representative grand average (FFT) of source localized data in in eight
auditory regions of interest (panel B) across subjects in Experiment 1.
In addition, the source-localized data were analyzed for four auditory regions-of-interest
(ROIs) determined from the Destrieux atlas (Destrieux et al., 2010) in both left and right
hemispheres. Those ROIs include the transverse temporal gyrus or Heschl’s gyrus, lateral superior
temporal gyrus, planum temporale, and transverse temporal sulcus. Response magnitudes at the
40-Hz ASSR frequency were averaged across the four ROIs in the right and left hemisphere
sources separately. Figure 2.4 (panel B) shows the representative grand average source FFTs for
the designated ROIs from each hemisphere, averaged across all participants in the sound attention
experiment at baseline (Day 0).
Statistical analysis
Data were inspected prior to analysis to ensure parametric methods were appropriate.
Statistical analyses for all data were performed using SPSS version 25. Degrees of freedom were
adjusted using the Greenhouse-Geisser correction when significant deviations from sphericity on
Mauchly’s test were found. Such adjustments are noted in corresponding statistical tables.
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Results
Experiment 1: Sound Attenuation

Results for the ART measure time (visit) series are displayed in Figure 2.5, with raw
thresholds in dB SPL (panel A) and the change from baseline data in dB (panel B). A clear
reduction in ART is seen in the plugged-ear, evident at both Weeks 1 and 2, and a subsequent
return to baseline ART two weeks after earplug removal. A small increase in the ART of the nonplugged ear occurred, however this increase was not significantly different than Day 0. As shown
in Figure 2.5, panel B, there was an average change of 8 to 10 dB in the plugged ear, and a 1 to 3
dB increase in ARTs of the not-plugged ear.

Figure 2.5a – b: Average raw ARTs over time (panel A) and change in ARTs relative to baseline
(panel B) for high-band noise. Open circles represent the not-plugged (i.e., right) ear. Filled in
circles indicate the plugged (i.e., left) ear. Error bars indicate standard error of the mean. Brackets
indicate significance at p<0.005 (plugged ear).
Raw reflex threshold data were compared between ears (plugged and not-plugged) as well as
over time within the same ear using a two-factor (ear [2; right/left] and test session [4; Day 0,
Week 1, Week 2, Week 4]), repeated-measures, ANOVA with Greenhouse-Geisser adjustment
(see Table 2.1). There was a significant main effect of test session, and a significant test session54

by-ear interaction, and no significant effect of ear. To evaluate each ear independently, two
separate a one-way ANOVAs and post-hoc pairwise comparisons with Bonferroni correction for
multiple comparisons were completed. In the plugged (left) ear, there was a significant main effect
of test session (F3, 30 = 27.27, p<0.001), with significant differences between the ARTs at Day 0
(baseline) and after 1 week (p < 0.001) and 2 weeks (p = .002) of earplug use, but no significant
difference between Day 0 and Week 4 (p = 1.0). In the not-plugged (right) ear, there was a
significant main effect of test session (F3,

30 =

4.30, p = 0.013) while none of the pairwise

comparisons across test sessions were significant.
Figure 2.5 shows that changes in ART over time are different and opposite for the plugged
and not-plugged ears. The analyses by ear reported above indicated that the change in the nonplugged ear over time was not significant, however, one could consider the overall effect of
earplugging as the combined changes at the two ears. This combined effect is captured by
subtracting the ART of the plugged ear from the ART of the not-plugged ear, as displayed in Figure
2.6. A one-factor repeated measures ANOVA (time [4; Day 0, Week 1, Week 2, Week4]) was
computed for the asymmetry measure and showed significant changes in asymmetry between the
ears over time. There was a significant main effect of time (F3, 33 = 28.06, p < 0.001) indicating that
the difference between ears changed across test session. Pairwise comparisons with Bonferroni
correction showed significant differences between Day 0 and Week 1 (p<0.001), Day 0 and Week
2 (p = 0.001), Week 1 and Week 4 (p = 0.001), and between Week 2 and Week 4 (p = 0.001).
Notably, the reduced ARTs observed for the plugged ear at Weeks 1 and 2 reflect increased
sensitivity to sound level, consistent with an increase in central gain at the level of the auditory
brainstem following short-term monaural auditory attenuation.
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Figure 2.6: Asymmetry in ARTs, calculated by subtracting the ART of the plugged ear (left) from
the ART of the not-plugged ear (right). Error bars indicate standard error of the mean. Brackets
indicate significant at p < 0.005.
There were significant decreases in ARTs at Weeks 1 and 2 compared to baseline ARTs when
the ears were considered separately or together. The combined effect of monaural earplugging on
ARTs for the two ears revealed a change in ARTs during treatment weeks 1 and 2 of about 12 dB,
reflecting a strong treatment-induced asymmetrical change in central gain at the level of the
brainstem.
Table 2.1: RMANOVA results of acoustic reflex data for the earplug group
FACTOR

DF

F

P

EAR
SESSION

1,10
3,30

3.68
6.59

.084
.001

EAR*SESSION

3,30

28.79

< .001

Changes in loudness perception relative to baseline (Day 0), as measured with the Contour
test following earplug use, are shown in Figure 2.7, with measures from the plugged ear shown in
panel A and measures from the not-plugged ear shown in panel B. Following one week of earplug
use, the listeners required a 4 to 6 dB less intense signal to obtain the pre-treatment loudness
categories in the plugged ear only. Following the change seen at Week 1, loudness returned close
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to baseline values, and even showing a slight increase relative to Day 0. In other words, there was
an observable increase in loudness perception seen one week after earplug use. In general, the notplugged ear showed a decrease in loudness perception, such that the subjects required a moreintense signal to match pre-treatment loudness categories, however the degree of change was not
statistically significant from Day 0 at any time point. This decrease in loudness perception over
repeated test sessions is consistent with a trend that was observed in young, normal hearing
listeners when tested at repeated intervals (Formby et al., 2017b).

Figure 2.7a – b: Change in Contour test ratings over time for the plugged (panel A) and the notplugged ear (panel B). The changes in loudness ratings relative to Day 0 at Week 1, Week 2, Week
4 are indicated by closed circles, open circles, and triangles, respectively. Error bars indicate
standard error of the mean.
Data were analyzed for main effects using a three-factor, repeated-measures, ANOVA (ear
[2; right/left], test session [4; Day 0, Week 1, Week 2, Week 4], and loudness category [7; Very
Soft, Soft, Comfortable, but slightly soft, Comfortable, Comfortable but slightly loud, Loud but
OK, Uncomfortably loud]) with Greenhouse-Geisser adjustment (see Table 2.2). Significant main
effects were observed for ear, test session, loudness category, and there was a significant ear by
category interaction. This indicates that changes in loudness perception across categories were
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differentially affected by earplugging between the two ears and may have been driven by the
changes seen at Week 1 in the plugged ear. No other significant interactions were identified.
Table 2.2: RMANOVA results on Contour test for the earplug group
FACTOR

DF

F

P

EAR
SESSION

1,10
3,30

12.80
3.74

0.005
0.021

1.58,15.79

337.41

<0.001

1.87,15.79

3.03

0.075

2.88,28.8

4.97

0.007

CATEGORYA
EAR*SESSION

A

EAR*CATEGORY

A

TIME*CATEGORYA
3.08,30.81
0.97
0.424
A
EAR*TIME*CATEGORY
4.28, 42.81
0.65
0.643
A
MAUCHLY’S TEST SIGNIFICANT; DEGREES OF FREEDOM ADJUSTED
USING GREENHOUSE-GEISSER CORRECTION

To evaluate changes in loudness perception over time for each ear individually, a two-factor,
repeated-measures, ANOVA (test session [4; Day 0, Week 1, Week 2, Week 4] and loudness
category [7; Very Soft, Soft, Comfortable, but slightly soft, Comfortable, Comfortable but slightly
loud, Loud but OK, Uncomfortably loud]) was completed (see Table 2.3). There were significant
main effects for test session and loudness category for each ear and there was no significant
interaction. For the plugged ear only, post-hoc pairwise comparisons with Bonferroni correction
for multiple comparisons showed a significant difference between Week 1 (during earplug use)
and Week 4 (washout test session). Pairwise comparisons with Bonferroni correction for the notplugged ear were not significantly different between any test sessions. In summary, there was a
modest increase in loudness sensitivity (i.e., increased gain) in the plugged ear after one week (but
not two weeks) of earplug use when compared to post-treatment loudness perception results. These
results support an increase in central gain following one week of earplug use, however this increase
was not apparent at subsequent test sessions, possibly consistent with a recalibration of loudness
perception between the first and second treatment weeks.
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Table 2.3: RMANOVA results by ear on Contour test for the earplug group
FACTOR

DF
F
Plugged Ear (left)

P

SESSION

3,22.23

3.61

0.025

CATEGORYA

1.64,16.43

339.88

<0.001

SESSION*CATEGORYA

2.89,28.85
0.96
0.509
Not-Plugged Ear (right)
SESSION
3,30
3.49
0.028
CATEGORYA
1.58,15.8
312.21
<0.001
SESSION*CATEGORYA
5.44,54.38
0.651
0.674
AMAUCHLY’S TEST SIGNIFICANT; DEGREES OF FREEDOM
ADJUSTED USING GREENHOUSE-GEISSER CORRECTION

Analysis of the ASSR based on sensor-level data was completed by first clustering the data
into left and right hemisphere electrode clusters, as illustrated in Figure 2.8 (panel A).

Figure 2.8a – c: Illustration of left hemisphere and right hemisphere electrode cluster groupings
(panel A). Average sensor-based ASSR magnitudes from the left (blue) and right (red) hemisphere
clusters when the stimulus was presented to the plugged ear (panel B) and not-plugged ear (panel
C). Error bars indicate standard error of the mean.
To determine if there were differences between left and right cluster activity, a two-factor,
repeated-measures ANOVA (test session [4; Day 0, Week 1, Week 2, Week 4], and cluster
hemisphere [2; right/left]) was completed separately for stimulus presentation to each ear (plugged
[left] and not-plugged [right]). Both analyses showed a modest but significant main effect of
cluster hemisphere such that the magnitudes for the left hemisphere cluster were greater than right
hemisphere for both the plugged (left) ear (F1,10 = 4.979, p = 0.05) and not-plugged (right) ear
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(F1,10 = 4.919, p = 0.05). Neither analysis, however, showed a significant effect of test session nor
significant interactions, as can be observed in Figure 2.8 (panels B and C). Hence, the sensor ASSR
data revealed essentially the same pattern over time with the largest magnitudes observed from left
hemisphere electrode clusters regardless of stimulus presentation ear or test session.
Analysis of the source-localized ASSR data was completed based on magnitudes estimated
for four auditory ROIs from each hemisphere (described in Section 2.2.6) for each subject and
each test session. Figure 2.9 illustrates the grand average (across subjects) ASSR source
magnitudes for each hemisphere separated by presentation ear (plugged, not-plugged). There was
an overall decrease in source magnitudes in the left hemisphere at Week 1, Week 2, and Week 4
compared to Day 0 when sound is presented to either ear; however, there was a slight, nonsignificant increase in right hemisphere activity when sound was presented to the plugged ear only,
creating a disparity in hemispheric representation.

Figure 2.9a – b: Average ASSR magnitudes in left (blue) and right (red) hemisphere sources
(average of 4 auditory ROIs per hemisphere) obtained using source-localized EEG data with
sound presented to the plugged ear (panel A) and not-plugged ear (panel B). Error bars indicate
standard error of the mean. Brackets indicate significance at p<0.05.
A two-factor, repeated-measures, ANOVA (test session [4; Day 0, Week 1, Week 2, Week 4],
and hemisphere [2; right/left]) was conducted separately for each ear (plugged or not-plugged)
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with results reported in Table 2.4. There was a significant main effect of test session when
stimulating either ear, but there were no main effects of hemisphere when collapsed across test
session, and no significant interaction. To further evaluate the effects of test session, a series of
paired t-tests were completed with Bonferroni correction to compare within hemisphere changes
over time. Only the left hemisphere showed significant changes in ASSR magnitude across test
session. That is, when stimulating the plugged (left) ear, there was a significant decrease in left
hemisphere magnitudes at Week 1 (t[43] = 2.89, p = 0.006) and at Week 2 (t[47] = 2.80, p = 0.007)
compared to Day 0. Likewise, when stimulating the not-plugged (right) ear, there was a significant
decrease in left hemisphere magnitudes at Week 1 (t[43] = 2.53, p = 0.015) compared to Day 0.
No significant changes were observed in the right hemisphere activity over time when stimulating
either ear.
In addition, the grand average source magnitudes for stimulation to the plugged ear (top panel)
and the not-plugged ear (bottom panel) are shown in Figure 2.10 projected onto Brainstorm’s
default MRI anatomy (MNI/Colin27 brain; Collins et al., 1998), with images centered on the same
plane and same magnitude scale for each test session. Notably, the main regions of activation are
observed in the superior temporal lobe in both hemispheres, corresponding to primary auditory
and association cortices, with variation in the strength of activation occurring between hemispheres
across test sessions. The pattern of activation seen in Figure 2.10 essentially mirrors the results
reported above. The top panel shows that when presenting the sound to the plugged ear at Week
1, there is a decrease in left auditory cortex activity, and an increase in right sided activity. This
trend continues at Week 2, and then is shown returning to baseline activation at Week 4. The
bottom panel is consistent with a reduction in left sided activity, however there was relatively no
increase in right sided activity.
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Figure 2.10: Average source localized ASSR EEG data in the 38-40 Hz frequency band for SA
participants (n = 12, except W1 where n = 11) projected onto Brainstorm’s default MRI
anatomical model (MNI/Colin27 brain; Collins et al., 1998) separated by stimulation ear. From
left to right: Day 0, Week 1, Week 2, and Week 4 when stimulating the plugged (left) ear (upper
panel) and the not-plugged (right) ear (lower panel).
In summary, the ASSR source localized data suggest that monaural attenuation leads to a
decrease in central gain in the hemisphere ipsilateral to the deprived ear (left) when stimulating
either ear, and an increase in central gain in the ipsilateral hemisphere, but only when presenting
the stimulus to the not-plugged ear, and these changes became more apparent over time. These
results are consistent with not just a global change in gain reflected in increases or decreases in the
magnitude of the response, but through a complex rebalancing of activity across both hemispheres.
These changes are consistent with a scaling of activity up and down to maintain stability in the
representation of the signal that likely involves communication between the auditory cortices and
association areas of both hemispheres.
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Table 2.4: RMANOVA results of ASSR source magnitudes for the earplug group
FACTOR

DF
Plugged Ear (left)

F

P

SESSIONA

1.98, 84.97

3.40

0.039

HEMISPHEREA

1, 43

1.58

0.216

HEMISPHERE*SESSIONA

1.94, 83.42
2.44
0.095
Not-Plugged Ear (right)
SESSIONA
1.51, 64.7
7.52
0.003
HEMISPHEREA
1, 43
0.06
0.808
HEMISPHERE*SESSIONA
1.30, 55.98
2.27
0.131
AMAUCHLY’S TEST SIGNIFICANT; DEGREES OF FREEDOM ADJUSTED USING
GREENHOUSE-GEISSER CORRECTION

To better quantify and characterize the effects of monaural attenuation on the hemispheric
distribution of ASSR activity, a laterality index (LI) was computed from source localized data to
assess overall hemispheric dominance using the following equation:
𝐿𝐿𝐿𝐿 =

𝑅𝑅𝑅𝑅 − 𝐿𝐿𝐿𝐿
𝑅𝑅𝑅𝑅 + 𝐿𝐿𝐿𝐿

where, RH was the averaged ASSR magnitude for four ROI sources in the right hemisphere and
LH was the averaged ASSR magnitudes for the same four ROI sources in the left hemisphere. If
LI = 0, then the magnitude of hemispheric activity is essentially equivalent across hemispheres,
whereas if LI > 0, then dominant activity would be lateralized to the right hemisphere, and if LI <
0, then dominant activity would be lateralized to the left hemisphere. Note that the equation can
be also be written conversely (e.g., (LH – RH)/(LH + RH)), and thus, hemispheric dominance
would be interpreted with the opposite laterality.
LI measures were computed for each subject and each test session with respect to the ear of
stimulation, either plugged (left) or not-plugged (right) ears. Figure 2.11 shows the mean LI by ear
of stimulation across test session. At Day 0, the LI shows that when presenting sound to either ear,
there is primarily contralateral activation. Following earplug use, responses were generally
stronger in the right hemisphere. Notably, the laterality of the response became progressively more
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right-dominated only when presenting sound to the plugged ear, but not when presenting sound to
the not -plugged ear.

Figure 2.11: Mean ASSR laterality index (LI) measures computed from 4 auditory ROIs per
hemisphere using source-localized EEG data with sound presented to the plugged ear (left) or notplugged ear (right). Error bars indicate standard error of the mean. Brackets indicate significance
at p < 0.05* and p < 0.005**.
To evaluate differences in hemispheric laterality by ear of stimulation and test session, a twofactor repeated-measures ANOVA was completed (stimulation ear [2; right/left], test session [4;
Day 0, Week 1, Week 2, Week 4]). The results revealed a significant main effect of ear (F1,43 =
4.75, p = 0.03) and a significant interaction between ear and test session (F3,129 = 6.09, p = 0.001),
but no main effect of test session. To further explore the interaction between stimulation ear and
test session, a series of paired t-tests were completed with Bonferroni correction. On Day 0, there
was a significant difference in laterality based on ear of stimulation, such that plugged (left) ear
stimulation showed right hemisphere laterality, while not-plugged (right) ear stimulation showed
left hemisphere laterality (t[47] = 2.11, p = 0.04). Likewise, there was also a significant difference
in laterality between the presentation ears at Week 2 (t[47] = 3.56, p = 0.001), with plugged (left)
ear stimulation showing a much larger, more robust right hemisphere laterality. In addition, only
plugged (left) ear stimulation showed differences in laterality over test session, such that the
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dominant right hemisphere laterality was significantly greater at Week 2 than at Day 0 (t[47] =
4.15, p < 0.001), Week 1 (t[47] = 3.69, p = 0.001), or Week 4 (t[47] = 2.76, p = 0.008). Taken
together, the source-localized analyses demonstrate that short-term monaural attenuation leads to
a reduction in hemispheric activity ipsilateral to the deprived ear, in this case the left hemisphere.
This reduction then leads to a concomitant shift in cortical activity toward the contralateral
hemisphere, in this case the right hemisphere, and is observed when stimulating either ear. These
changes are interpreted as a reflection of central gain modulation within and across hemispheres.
It is important to note that similar hemispheric changes were not observed in the EEG sensor-level
analyses as these measures are more representative of volume conduction within the cortex and
not specifically localized to activity generated within the auditory cortex as are the sourcelocalized measures.
Experiment 2: Sound Generators
Participants in Experiment 2 wore bilateral sound generator devices with a primary focus on
acoustic enhancement induced plasticity effects over time. Unlike in Experiment 1, the fact that
both ears were receiving the same treatment, it was expected that test outcomes when testing either
ear independently should be similar. To evaluate that assumption, an initial repeated-measures
ANOVA was completed to determine if there were significant differences in results based on
presentation ear. No significant main effects of ear were observed for either ARTs (F1,10 = 0.79, p
= 0.40) or the Contour test (F1,10 = 0.19, p = 0.67); therefore, these analyses for the SG group will
be reported based on data collapsed across the ears.
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Figure 2.12 shows the averaged raw ARTs and change in ARTs relative to baseline at Day 0
over time for the SG group. The average ART increased following SG use and was significantly
increased compared to the baseline ART by Week 4. The change in ART relative to Day 0 (panel
B) shows that changes were modest, and reflected a 2 to 4 dB increase in ART.

Figure 2.12a – b: Average raw ARTs over time (panel A) and change in ARTs relative to baseline
(panel B) for high-band noise. Error bars indicate standard error of the mean. Bracket indicates
significance at p<0.05.
A one-factor repeated-measures ANOVA (test session [5; Day 0, Week 1, Week 2, Week 4,
Week 6) with Greenhouse-Geisser correction was performed and showed a significant main effect
for test session (F4, 22 = 4.843, p = 0.001). Post-hoc pairwise comparisons showed a significant
change in ARTs between Day 0 and 4 weeks of sound generator (p = 0.006), but not at any other
time point. The increase in ARTs following sound generator use reflects reduced sensitivity
(reduced central gain) at the brainstem level such that higher sound levels were needed to elicit a
reflex.
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Changes in loudness perception on the Contour test following SG use are plotted relative to
baseline measures obtained at Day 0 and are shown in Figure 2.13. Though there was some
decrease in loudness perception relative to Day 0 (as depicted by an upward shift on the graph),
there were no significant changes in loudness seen at any time point. Interestingly, minor changes
that were observed were primarily for the lower loudness categories, contrary to what was shown
by Formby et al. (2003, 2007).

Figure 2.13: Average change in Contour test ratings over time averaged across both ears. The
changes in loudness ratings relative to Day 0 at Week 1, Week 2, Week 4, and Week 6 are indicated
by closed circles, open circles, triangles, and squares, respectively. Error bars indicate standard
error of the mean.
A two-factor repeated-measures ANOVA (test session [4; Day 0, Week 1, Week 2, Week 4],
and loudness category [7; Very Soft, Soft, Comfortable, but slightly soft, Comfortable,
Comfortable but slightly loud, Loud but OK, Uncomfortably loud]) with Greenhouse-Geisser
correction was performed on the change from baseline data and showed a significant effect for
category as well as test session by category interaction, but no significant main effect of test session
(see Table 2.5). The effect of category was expected as loudness judgements change with
increasing signal intensity; however, the interaction between test session and category indicates
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that loudness judgements across categories did not change in an orderly manner across test
sessions. As can be observed in Figure 2.13, essentially no changes occurred at Week 1, but mid
to high categories increased at Week 2 and lower categories increased at Week 4, and all categories
remained higher at Week 6. Although not consistent across test session or loudness category, the
increase in intensity that was required to achieve the same loudness perception for some time
points and loudness categories suggests increased loudness tolerance (i.e., reduced central gain)
following SG use. According to the authors who published the Contour test, the test-retest
reliability between sessions may show differences as large as 6 dB (Cox et al., 1997), and data
from our subjects often had test-retest differences anywhere from 5 to 10 dB. The magnitude of
the changes following SG use reported by Formby et al. (2015, 2007) without any additional
loudness tolerance counseling was fairly low, in the range of 4 to 5 dB. As test-retest reliability
may be as large as a 6 dB difference between sessions, detecting a change on the Contour test with
our sample size and variability may be difficult.
Table 2.5: RMANOVA results of the Contour test for the sound generator group
FACTOR

DF

F

P

TEST SESSIONA

2.68

1.60

0.204

CATEGORYA

1.60

3.90

<0.001

SESSION*CATEGORYA

7.92
3.11
0.003
TEST SIGNIFICANT; DEGREES OF FREEDOM
ADJUSTED USING GREENHOUSE-GEISSER CORRECTION
AMAUCHLY’S

We hypothesized that bilateral SG use would lead to comparable effects for ASSR stimuli
presented to either ear. Consistent with the sensor-based analyses completed for Experiment 1,
there were no discernable trends noticed for the sensor clusters when evaluated across
hemispheres. A repeated measures ANOVA was completed on the ASSR data for both the sensor
clusters and the source-localized data. For the sensor cluster data, a three-factor repeated-measures
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ANOVA with Greenhouse-Geisser correction (stimulation ear [2; right/left], hemisphere cluster
[2], test session [5; Day 0, Week 1, Week 2, Week 4, Week 6) showed no significant (p < 0.05)
main effects for any factor and no significant interactions. As illustrated in Figure 2.14, grand
averaged ASSR magnitudes for left hemisphere and right hemisphere electrode clusters show little
difference between hemisphere clusters or across test sessions for stimuli presented to either ear.

Figure 2.14a – b: Average sensor-based ASSR magnitudes from the left (blue) and right (red)
hemisphere clusters when the stimulus was presented to the left ear (panel A) and right ear (panel
B). Error bars indicate standard error of the mean.
A similar three-factor repeated-measures ANOVA was completed (stimulation ear [2;
right/left], hemisphere [2; right/left], test session [5; Day 0, Week 1, Week 2, Week 4, Week 6) on
the ASSR source-localized data. All three main effects were statistically significant as was the
three-way interaction between stimulation ear, hemisphere, and test session (see Table 2.6). Figure
2.15 illustrates the grand average ASSR source magnitude activation patterns projected onto
Brainstorm’s default anatomy (MNI/Colin27 brain; Collins et al., 1998) centered on the same plane
and same threshold scale for all test sessions. As in Experiment 1, the main regions of activation
are located in the superior temporal lobe in regions corresponding to primary auditory and
association cortices. Variations in the strength of activation can also be observed across test
sessions with less variation between hemispheres.
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Table 2.6: RMANOVA results of the ASSR for the sound generator group
FACTOR

DF

F

P

STIMULATION EARA

1, 39

7.79

0.008

HEMISPHEREA

1, 39

5.11

0.029

TEST SESSIONA

2.6, 101

3.47

0.024

1, 39

2.36

0.132

3.2, 126.1

0.34

0.814

2.5, 97.6

0.46

0.672

3.3, 129.7

5.35

0.001

EAR *

HEMISPHEREA

EAR * SESSIONA
HEMISPHERE *

SESSIONA

EAR * HEM * SESSION
AMAUCHLY’S

TEST SIGNIFICANT; DEGREES OF FREEDOM ADJUSTED USING
GREENHOUSE-GEISSER CORRECTION

Figure 2.15: Grand average source localized ASSR EEG data at 40-Hz for SG participants (n =
10) collapsed across both stimulation ears, and projected onto Brainstorm’s default MRI
anatomical model (MNI/Colin27 brain; Collins et al., 1998) centered on the right Heschl’s gyrus
for reference. From left to right: Day 0, Week 1, Week 2, Week 4, and Week 6.
There was a main effect of stimulation ear, where left ear stimulation produced overall greater
magnitude responses than right ear stimulation when collapsed across all other factors, however,
there was no interaction with hemisphere suggesting that the pattern of activity was similar across
both hemispheres regardless of stimulation ear. As such, the ASSR source magnitudes were
combined across stimulation ear in order to more closely evaluate potential hemispheric
differences across test session. Figure 2.16 (panel A) shows the average source-localized activity
from the left and right hemispheres across test session, where right hemisphere magnitudes are
greater than left hemisphere at all time points. To further illustrate hemispheric changes over time,
Figure 2.16 (panel B) shows the mean change in ASSR magnitude at each test session relative to
Day 0. Interestingly, at Week 1, there was a significant increase in left hemisphere activity,
70

followed by a reduction in the left hemisphere at subsequent treatment weeks. A similar pattern
was seen for right hemisphere activity, however changes in right hemispheric activity were only
significant in relation to other mid-treatment sessions and the recovery session (Week 6), but not
relative to Day 0.

Figure 2.16a – b: Average ASSR magnitudes in left (blue) and right (red) hemispheric sources (4
auditory ROIs per hemisphere) obtained using source-localized EEG data. Data is the average of
the responses obtained from stimulating the right and left ear (panel A). Average ASSR differences
between test session and Day 0 values for both left (blue) and right (red) hemispheres. Error bars
indicate standard error of the mean (panel B). Brackets indicate significance at p<0.05* and
p<.005**.
A series of paired t-tests were completed to evaluate within hemisphere changes and showed
a significant increase in left hemisphere activity between Day 0 and Week 1 (t[79] = -2.17, p =
0.03) and Week 6 (t[79] = -3.08, p = 0.003), a significant decrease in left hemisphere activity
between Week 1 and Week 4 (t[79] = 2.3, p = 0.02), and a subsequent increase between Week 4
and Week 6 (t[79] = -2.47, p = 0.02). Similarly, the paired t-test results also showed a significant
decrease in right hemisphere activity between Week 1 and Week 4 (t[79] = 3.54, p = 0.001) and a
significant increase between Week 4 and Week 6 (t[79] = -2.96, p = 0.004). Thus, both
hemispheres demonstrate a brief increase in cortical activity after one week of sound generator use
followed by decreased activity through four weeks of use and a slight over-recovery two weeks
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after discontinued use. These results suggest that short-term enhanced acoustic input from lowlevel sound generators leads to reduced neural activity in both left and right hemispheres consistent
with reduced central gain.
As in Experiment 1, hemispheric differences were also evaluated with the laterality index (LI)
analysis, where LI measures were computed for each subject and cortical source for each test
session by ear of stimulation. Average LI values across subjects and test sessions are shown by
stimulation ear (left, right) in Figure 2.17, where values > 0 correspond to right hemisphere
lateralization.

Figure 2.17a – b: Mean ASSR laterality index (LI) measures following SG use computed from four
auditory ROIs per hemisphere using source-localized EEG data with sound presented to the Left
or Right ears (panel A) and the data collapsed across stimulation ear (panel B). Error bars
indicate standard error of the mean. Brackets indicate significance at p < 0.05* and p < 0.001**.
At Day 0, the responses showed strong right hemisphere laterality when presenting the
stimulus to either ear. There was a significant shift in laterality (towards more balanced
hemispheric representation) over test sessions with the largest shift occurring at Week 2, as shown
in Figure 2.17 (panel A). The same pattern was found when the data were collapsed across
presentation ear (panel B). To quantify whether there were significant differences in hemispheric
laterality as a function of stimulation ear across test session, a series of paired t-tests with
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Bonferroni correction (p = 0.01) were computed with significant results reported in Table 2.7 in
relation to Day 0. On Day 0, stimulation to either ear showed substantial right hemisphere
laterality; however, that right hemisphere dominance was reduced significantly toward more
balanced activity across hemispheres after two weeks of SG use, regardless of stimulation ear. At
Week 6, following two weeks of discontinued SG use, right ear stimulation continued to show
significantly reduced right hemisphere laterality compared to baseline, while left ear stimulation
showed a gradual return toward right hemisphere laterality observed at baseline. Taken together,
the source-localized analyses show that short-term bilateral acoustic enhancement not only reduces
the magnitude of the ASSR, but it also modulates the distribution of auditory cortical activity
across hemispheres such that activity is more balanced between hemispheres (i.e., reduced
lateralization) during treatment with acoustic enhancement.
Table 2.7: Paired t-test results of ASSR source localized Laterality Index (LI) measures
FACTOR

DF
T
Left Ear Stimulation

P

DAY 0 – WEEK 2

39

0.007

2.82

Right Ear Stimulation
DAY 0 – WEEK 2

39

3.45

0.001

DAY 0 – WEEK 6

39

4.71

<0.001

Discussion
This study was designed to investigate experience-dependent auditory plasticity in the context
of central gain modulation. Two different methods were used to potentially modulate central gain.
The first method involved short-term auditory attenuation through monaural earplug use over a
period of two weeks. The second method involved short-term low-level auditory enhancement
through bilateral sound generator use over a period of four weeks. Both auditory attenuation and
auditory enhancement lead to significant differential changes in brainstem and cortical plasticity
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and modest changes in loudness perception, all of which can be interpreted in a manner consistent
with central gain modulation.
Experiment 1: Sound attenuation
Short-term sound attenuation from monaural earplug use resulted in an average decrease in
acoustic reflex thresholds of 9.5 dB for the plugged ear during the two-week period of earplug use.
While there was a slight but non-significant increase in ARTs in the not-plugged ear, the difference
in ARTs between the two ears as a result of monaural earplugging was 12.0 dB. These changes
are consistent with the size and direction of change that has been reported in the literature following
the use of monaural earplugs (Brotherton et al., 2016; Maslin et al., 2013; Munro and Blount,
2009). This also is consistent with homeostatic central gain modulation that exists as early in the
auditory pathway as the brainstem nuclei involved in the acoustic reflex.
The Contour test results indicate changes that are somewhat modest in comparison to what
has been reported in the literature following bilateral earplug use (e.g. Formby et al., 2007, 2003).
There was a significant reduction in the median intensity for Category 4 (“Comfortable”) at Week
1 (i.e., increased neural gain); however, no other categories or time points were significantly
different from baseline measures. This variability may due to monaural versus bilateral earplug
use or poorer test-retest reliability among the participants in the present study. It has been shown
that young, normal hearing adults may shift their criterion over repeated test sessions by about 3
dB (Formby et al., 2017b), and therefore it may be difficult to capture true effects of the
earplugging at other category values if the listener’s criterion changed relative to baseline due to
repeated testing. Additionally, it is possible that the intersubject variability may have been a factor
in our results. There has been disagreement in the literature regarding which categories typically
show the largest variability, however, our data are consistent with studies that show less
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intersubject variability for lower categories (e.g. measurements closer to threshold) and the largest
intersubject variability for the highest loudness categories (see Table 2.8). The degree of
intersubject variability of the subjects in the SA group aligns with that presented by Cox et al.
(1997) but is slightly more variable than shown by Sherlock and Formby (2005). There is a
possibility that our sample size may have been a factor or other unknown nuanced testing
procedures or subject instruction.

Table 2.8: Documented Intersubject Variability Standard Deviations for Contour test Loudness
Categories.
LOUDNESS CATEGORY
VERY SOFT
SOFT
COMFORTABLE BUT
SLIGHTLY SOFT
COMFORTABLE
COMFORTABLE, BUT
SLIGHTLY LOUD
LOUD, BUT OK
UNCOMFORTABLY LOUD

HUTCHISON ET AL. SHERLOCK AND
(SA GROUP)
FORMBY (2005)
5.22
3.50
8.51
6.74

COX ET AL. (1997)
5.75
8.50

9.73

6.49

10.05

10.16

6.49

10.45

11.91

6.34

11.70

10.73
11.39

7.34
8.02

12.20
13.50

We hypothesized that there would be an increase in the magnitude of both the sensor-cluster
and source-localized ASSR activity following earplugging as a reflection of internal gain control;
however, the observed changes were more complex. The cortical activity represented by ASSR
sensor-cluster measures was greatest for the left hemisphere cluster regardless of ear of
stimulation, and that pattern did not change with sound attenuation over time. As noted previously,
sensor-based measures naturally reflect volume neural conduction within the brain and do not
necessarily represent activity within well-localized regions. As such, it is perhaps not surprising
that these measures did not show measurable changes over time, albeit modest hemispheric cluster
differences. Source-localized activity, on the other hand, showed greater magnitude responses in
75

the left versus right hemisphere regardless of ear of stimulation at baseline (Day 0). These data
differ somewhat from previous reports (Luke et al., 2017; Ross et al., 2005) that have shown a
preponderance for right hemisphere laterality; however, individual differences in laterality also
have been observed (Ross et al., 2005) and may have led to differences in the present data.
Likewise, differences in source-localization methods and specific anatomical sources selected for
the analyses may also contribute to slight differences across studies.
Remarkably, source-localized ASSR activity showed distinct sensitivity to the effects of
earplug attenuation over time. Specifically, there was a significant reduction in left hemisphere
ASSR magnitudes, ipsilateral to the plugged ear, through two weeks of earplug use in response to
stimuli presented to either ear. This reduction subsequently led to a change in the balance of
hemispheric laterality with a shift toward the contralateral right hemisphere, as reflected in the
laterality index analysis. Interestingly, activity in the right hemispheric sources showed no
significant change over time. We hypothesized that the magnitude of the response would be the
biggest factor indicating a change in central gain, however the change in laterality presents a
clearer picture of a redistribution of activity across the cortex. These changes still are indicative of
a homeostatic gain process, however the way in which the response was rebalanced across the
hemispheres was unexpected. It is unclear to what degree such physiological rebalancing exists at
lower levels of the auditory system. The slight increase in ARTs of the not-plugged ear may
indicate that some contralateral rebalancing may be initiated at earlier stages in the auditory
system, though not nearly as robust as that observed in the cortical ASSR measures. It is also
notable that in the present study brainstem ART but not cortical ASSR measures returned to
baseline within two weeks after terminating earplug use. If changes in the magnitude of the ASSR
over time were merely a reflection of changes occurring at lower levels of the system (i.e.,
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brainstem), then we would have expected the ASSR measures to also return to baseline. The
present results indicate that changes in both ART and ASSR measures induced by short-term
monaural attenuation are a reflection of central gain modulation, and that this multi-stage process
involves gain control mechanisms operating at different levels of the auditory pathway.
Animal studies offer an interesting perspective when considering compensatory changes
following changes in acoustic input to a system. For instance, Xu et al. (2007) documented various
changes in the properties of pyramidal AC neurons following both conductive and sensorineural
hearing loss in gerbils. Such changes include increased firing rate probability (i.e. decreased spike
adaptation), reduced spike latencies, increased spike jitter, and altered resting membrane
potentials. Our ART and ASSR results are consistent with a rebalancing of activity in the auditory
system. A similar rebalancing of activity across ears has been documented in mice. Darrow et al.
(2006) studied the contributions of the lateral olivocochlear (LOC) efferent pathway on cochlear
nerve output through stereotaxic lesioning of the lateral superior olive (LSO). The LOC efferent
pathway is responsible for regulating the output of the cochlear nerve (through excitation or
inhibition) while preserving outer hair-cell function, and has primarily ipsilateral projections
(Groff and Liberman, 2003). Darrow et al. (2006) used the auditory brainstem response (ABR) to
document changes in neuronal excitability following the procedure. As expected, they found
significantly increased Wave I amplitudes ipsilateral to the lesion, however they unexpectedly
documented compensatory changes in neuronal excitability contralateral to the lesion, despite
predominantly ipsilateral LOC projections. The authors concluded that an intact LOC pathway is
important for balancing neural excitability between the ears. In the present study, a rebalancing in
the output of the cochlear nerve could be responsible for the changes seen in the ARTs ipsilateral
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as well as contralateral to the earplug, as well as the changes in laterality that we observed in the
cortically-evoked ASSR.
Experiment 2: Sound Generators
The effect of short-term auditory enhancement via sound generator use resulted in an increase
in ARTs that averaged 3.1 dB across both ears during the 4 weeks of SG use. These changes are
consistent with the reported increase in ARTs following use of amplification (Munro et al., 2007b;
Munro and Merrett, 2013). The changes in ARTs were modest in comparison to results from
Experiment 1 and changes following sound attenuation. It is important to note several differences
between the two experimental groups. The SA group wore a single earplug in the left ear, while
the SG group wore bilateral devices. Although the magnitude of attenuation and enhancement (in
dB) was similar but opposite (± 25 to 30 dB), there are no previous comparative studies
demonstrating that such differential input should have equal and opposite effects, or how the
treatment “dose” (i.e., daily use, SA: 23 hours/day vs. SG: 12 hours/day) will influence the
magnitude of change. Further, there are no published studies showing comparative effects on
central gain changes following monaural versus bilateral alterations in peripheral input through
sound generators. Additional research is warranted to evaluate these limitations in the present
study.
The Contour test results showed no significant changes over time with SG use, in contrast to
the published literature (e.g. Formby et al., 2007, 2003); however, differences in methodological
approaches might provide answers. In the present study, participants only wore the devices during
waking hours, but not at night, mostly due to the fact that the devices used were receiver-in-canal
(RIC) devices which would be difficult to keep inserted while sleeping. Subjects in the Formby et
al., (2007) study wore the devices continuously, day and night. They were able to do this, as the
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devices in use were custom in-the-ear SG devices. As noted above, the possibility of dosing
differences between studies may have led to differences in magnitude of change in outcome
measures. In the present study, it is possible that the effects induced by the device wear-time during
the day were offset by the removal of the devices at night.
ASSR magnitudes for the SG group changed in a somewhat more predictable manner than was
observed with the earplug group. We hypothesized that enhanced auditory input would result in a
decrease in the magnitude of the ASSR over time during the SG exposure period. The results
showed that ASSR magnitudes in both the left and right hemisphere increased within the first week
following SG use, but after the first week, ASSR magnitudes began to decrease in both
hemispheres at Week 2 and reached a significant reduction by Week 4, relative to baseline
measures. These changes are consistent with changes in central gain; however, the slight increase
in activity at Week 1 suggests that early adaptation may involve different mechanisms than those
involved at later time points. This may be the result of a central gain mechanism in the cortex
responding to and compensating for decreased central gain at lower levels of the brainstem, as
evidenced by the increase in ART thresholds seen at Week 1. Following the first week of SG use,
the decrease in ASSR magnitudes in both hemispheres may be evidence of a homeostatic
adjustment in cortical gain. Likewise, similar to differential effects in the recovery from sound
attenuation observed between ARTs and ASSR in Experiment 1, the changes in ARTs and ASSR
with sound enhancement also suggest a multi-stage process of central gain modulation at multiple
levels of the auditory system that may adapt on different time scales.
Several animal studies have documented changes in the auditory cortex following low-level
(i.e. non-traumatic) noise exposure. Changes in frequency-specific spontaneous firing rates of AC
neurons (Munguia et al., 2013), reduced or suppressed stimulus-evoked AC neural activity
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(Pienkowski et al., 2011), and altered local field potential and multiple single-unit derived tuning
curves (Pienkowski et al., 2013) have been documented in cats following chronic exposure to
suprathreshold, non-traumatic noise. It is, however important to note that the results of Pienkowski
et al. (2013) indicated a stimulus-dependent effect on the observed changes and highlighted the
importance of the noise frequency-band and roll-off characteristics. The authors reported that when
using a real-world “factory noise” with a shallow cutoff slope, changes were much less robust
compared to those induced using spectrotemporally-dense noise with sharp spectral edges. To our
knowledge, the effects of sound generator stimulus characteristics on cortical measures in humans
has not been examined, and therefore future research in sound generator use should consider
spectral and temporal characteristics of the sound generator noise.
General Discussion and Conclusions
The two experiments in this study revealed that both monaural short-term earplug use and
bilateral sound generator use lead to compensatory changes in the auditory system, presumably to
restore homeostasis, as quantified by changes in ARTs reflecting plasticity in the brainstem and in
the ASSR reflecting cortical plasticity. Evidence of central gain in the cortex was conceptually
similar for sound attenuation (earplugging) versus sound enhancement (sound generators) but
different in pattern due to the monaural (earplug) versus bilateral (sound generator) treatment
paradigms. Future research should include both monaural and bilateral sound enhancement or
attenuation in order to further understand the driving factors leading to overall gain changes
compared to a rebalancing of auditory representation, as was seen in the ASSR.
It is clear from the results of these two experiments that unilateral vs. bilateral treatment
effects are crucial to investigate. Further research should include comparisons of unilateral and
bilateral effects using both sound generators as well as sound attenuation to study central gain. It
80

is certainly possible that central gain is manifested very differently when there is an imbalance of
peripheral input versus a global level change to both ears. Additionally, future research should
investigate the effects of aging on central gain, as the degree of plasticity that can be expected for
older adults is unknown. Finally, while the results of the present experiments provide evidence
that central gain occurs following the use of both sound generators or earplugs at both a cortical
and sub-cortical level, it is important to understand how these changes may be functionally
represented. This study supports the use of the ASSR as a viable measure for investigating changes
in central gain, and therefore it may be a useful and sensitive enough tool in evaluating, for
example, the effects of sound generators on tinnitus or for investigating the brain’s ability to adjust
to newly available sounds over time, such as is experienced by new hearing aid users.
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Central auditory plasticity induced by low-level noise in persons with presbycusis.
Abstract
Chapter 2 of this dissertation showed that sound generators are useful for investigating central
gain in the auditory brainstem and cortex of young, normal hearing adults as measured by changes
in acoustic reflex thresholds (ARTs) and the auditory steady-state response (ASSR). Given that
older adults with age-related hearing loss (ARHL) are the most likely population to use traditional
amplification (a form of an enhanced acoustic environment), it is imperative to investigate the
effects of aging on central gain. Central gain has been cited as a root cause of the maladaptive
processes involved in the perception of tinnitus and hyperacusis, and therefore it is of interest to
investigate one of the most common forms of sound therapy for these disorders; sound generators.
If sound generators are responsible for a reduction in central gain, inferences between central gain
and other adaptive processes, such as hearing aid acclimatization, may become clear. In the present
study, older adults with ARHL wore bilateral sound generators that also provided amplification
for a period of two weeks, in comparison with a control group with the same hearing and age
characteristics. The testing methods developed in Chapter 2 were used in this population, and
included acoustic reflex thresholds (ARTs), the cortically-evoked (40 Hz) auditory steady-state
response, and the Contour test of loudness perception (Cox et al., 1997) to investigate central gain
in an aging population. Additionally, two additional measures were investigated, including the
detection of amplitude modulation in a pure tone, and a speech-in-noise task (HINT; Nilsson et
al., 1994). The results of this study showed evidence of central gain in older adults that is
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comparable to the changes seen in young, normal hearing adults as revealed by changes in ARTs
and the ASSR. A reduction in central gain was evident by a significant 2-3 dB elevation in ARTs,
and through a reduction in the magnitude of the source localized ASSR during the treatment period.
Additionally, a redistribution of cortical activity was reflected by a significant change in the
laterality index (LI) computed from the responses in the right and left cortices. The results of the
ASSR in this population following exposure to acoustic enhancement is a particularly important
finding and may partially explain some of the perceptual changes experienced by new hearing aid
users, and may be a useful tool for further investigations of hearing aid acclimatization.
Introduction
Treating age-related hearing loss: what are the options?
Age related hearing loss (ARHL), commonly termed presbycusis, is estimated to affect twothirds of older adults (70 years old and above) in the United States, yet only approximately 19%
to 20% of adults with hearing loss in this age category wear hearing aids (Chien and Lin, 2012).
While there are several identified factors that contribute to hearing aid adoption and retention rates,
there is undoubtedly a complex relationship between the aging auditory system’s ability to process
acoustic information, individual cognitive factors (Megha and Maruthy, 2019; Munro, 2008;
Palmer et al., 1998), and hearing aid related factors (Bor et al., 2008; Souza et al., 2019, 2005; Tan
and Moore, 2008). A recent study exploring the biggest issues that hearing aid users face revealed
that problems with sound quality and hearing aid performance was the largest factor determining
the perceived level of overall success with hearing aids (Bennett et al., 2018). While hearing aids
certainly improve audibility and modern processing algorithms may improve hearing aid benefit,
the known maladaptive processes related to aging and hearing loss may still limit success with
hearing aids. In addition to reduced audibility, ARHL is associated with a degradation of several
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domains that are important for speech perception, including temporal processing abilities
(Fitzgibbons et al., 2006; Fitzgibbons and Gordon-Salant, 2004, 1995; Gordon-Salant and
Fitzgibbons, 1999; Ozmeral et al., 2016), distinguishing a target of interest from an acoustic
background (Frisina and Frisina, 1997; Helfer and Freyman, 2008), and detecting temporal fine
structure and envelope cues with precision (Moore, 2016; Ruggles et al., 2012). Knowing that
these maladaptive processes are commonly affected with aging and hearing loss underlines the
importance of investigating changes in central auditory function, or “central gain”, in the context
of aging and hearing loss. Though central gain has been independently studied in different
populations, there are currently no studies that directly compare the effects of acoustic
enhancement (i.e., amplification, sound generators) and the propensity to induce changes in central
gain in older adults with hearing loss compared to young, normal hearing adults using the same
outcome measures and methods.
The results of Chapter 2 of this dissertation show that acoustic attenuation (artificially induced
through unilateral earplugging), and acoustic enhancement (using ear-level sound generators)
induces a homeostatic response to the change in the peripheral input. The results of these
investigations are consistent with an adaptive recalibration that occurs in auditory circuits at
multiple levels of the auditory system (e.g. brainstem and cortex). These results, consistent with
the central gain hypothesis, have significant implications that some of the maladaptive processes
associated with ARHL may be reversed or reduced by leveraging central gain through the use of
targeted sound therapies. Older adults represent the largest population of hearing aid users (Chien
and Lin, 2012), and therefore it is imperative that sound therapies are investigated in older adults
with ARHL to determine the propensity for plasticity in the aging auditory system to leverage this
ability. This would have major implications on rehabilitation strategies (e.g. the use of
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amplification, sound generators, or both), and inform our understanding of auditory changes that
may develop over time. The following study is designed to accomplish two goals; 1) to measure
central gain in older adults with ARHL using methods outlined in Chapter 2 for comparison with
young, normal hearing subjects, 2) investigate the combined effects of amplification and sound
generators to induce changes in central gain, and 3) to characterize the similarities between
changes in central gain and the concept of a hearing aid acclimatization effect; the time and
experience-dependent improvements that may develop over time with hearing aid experience.
Hearing aid acclimatization
The concept of hearing aid acclimatization is embraced by clinicians and hearing aid patients alike,
yet the literature supporting the phenomenon of hearing aid acclimatization is mixed. Efforts have
been made to solidify the definition of hearing aid acclimatization, however, there are many
perspectives from which one could consider acclimatization. Acclimatization has been defined as
“a systematic change in auditory performance with time, linked to a change in the acoustic
information available to the listener. It involves an improvement in performance that cannot be
attributed purely to task, procedural or training effects (Arlinger et al., 1996).” Clinicians typically
seem to agree with the conjecture that acclimatization should be considered when fitting hearing
aids (Gatehouse, 1993, 1992; Mueller and Powers, 2001; Munro, 2008). Not only do clinicians
recognize the needs for an adjustment period, but almost every large hearing aid manufacturer has
added an “acclimatization manager” to their fitting software and recommended procedures for
hearing aid fittings. This acclimatization manager assumes that tolerance for amplification and
initial perceptions of the fitting change over time with consistent use. The question that remains
unresolved is “What is changing?”
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The literature on acclimatization has yet to identify standard measurement methods,
systematic outcome, or specific underlying mechanisms. Many studies have used improvements
in speech recognition performance following hearing aid use as a primary benchmark for
acclimatization (Bentler et al., 1993; Cox et al., 1996; Cox and Alexander, 1992; Dawes et al.,
2014b; Horwitz and Turner, 1997; Lavie et al., 2015; Munro and Lutman, 2004). Of course, this
would be a desirable outcome, as an improvement in speech perception is usually the primary goal
for obtaining amplification. Munro and Lutman (2003) reported that after twelve weeks of
unilateral hearing aid use, the mean hearing aid benefit (Aided versus Unaided) scores on the Four
Alternative Auditory Features test (FAAF, Foster and Haggard, 1987) improved 2 to 6%
(depending on stimulus level), while the unaided ear performance improved around 1%. Lavie et
al. (2015) showed improvements in an unaided dichotic listening task (in the non-dominant ear)
and a speech-in-noise task for listeners after eight weeks of bilateral hearing aid use, and suggested
that these changes were evidence for acclimatization in dichotic and other difficult listening
situations. In a recent study of acclimatization to bilateral hearing aids, Habicht et al., (2018) tested
speech processing times in a group of novice bilateral hearing aid users and a group of experienced
bilateral hearing aid users. The participants were presented with two similar visual representations
along with a sentence presented over circumaural headphones, while eye-tracking measurements
were collected. Processing times were estimated from the difference between target
disambiguation and the decision moment obtained from the eye-tracking data. The authors
reported significant main effects for group and duration of device usage. Post-hoc analyses
revealed that processing times were shorter for the experienced hearing aid group during baseline
measurements and after twelve weeks of hearing aid use. There were no significant changes in the
experienced group at any time point, and by the 24th week, there were no statistically significant
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differences in processing times between the experienced and novice hearing aid users. The authors
concluded that this data is consistent with hearing aid acclimatization as revealed through
processing times of auditory information.
Discrepancies in acclimatization literature
Though improvements in speech performance are desirable, much of the research indicates
that such improvement is often not observed, negligible, or related to practice effects (Bentler et
al., 1993; Dawes et al., 2014c; Dawes and Munro, 2017; Humes et al., 2002; Humes and Wilson,
2003). The largest of these studies on acclimatization (Humes et al., 2002; n=134 new hearing aid
users) failed to show any evidence for speech-performance based hearing aid acclimatization even
after twelve months of hearing aid use. The most recent of these studies (Dawes and Munro, 2017)
did however report roughly a 3 dB signal-to-noise ratio (SNR) improvement among new hearing
aid users after twelve weeks of hearing aid use when they included only the participants with more
severe hearing losses (pure-tone averages greater than 40 dB HL) and consistent hearing aid use
(>6 hours/day) as recommended by Palmer et al., (1998). The conflicting reports show that our
perspective of hearing aid acclimatization requires revisiting.
Palmer et al., (1998) reported several discrepancies in experimental design factors between
acclimatization studies as possible sources of the varying outcomes. A general consensus is that
acclimatization occurs in response to unfamiliar acoustic cues of speech that are not otherwise
typically experienced (Munro, 2008). Because of this, only the more severe hearing losses would
have significantly degraded speech cues. The softest parts of ordinary, conversational-level speech
reach approximately 40 to 45 dB HL. Therefore, to study acclimatization effects, hearing
thresholds should be at least this level in order to expose the listener to truly novel information
with amplification (Palmer et al., 1998). This also has implications for stimulus presentation level
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during testing. A listener will regularly receive their own voice at the eardrum at levels close to 75
to 80 dB SPL. Aided speech perception measures presented at softer intensity levels will not
necessarily amplify speech cues to novel levels beyond typical unaided auditory exposure (Munro,
2008; Munro and Lutman, 2003). Munro and Lutman (2003) tested the effects of speech
presentation levels for the FAAF on acclimatization over a twelve-week period for stimuli
presented at 55, 62, and 69 dB SPL. They reported significant improvements (3.4% and 5.9%,
respectively) in speech perception testing for the two higher presentation levels but not for the
lowest presentation level (55 dB SPL).
Another factor that has likely contributed to the mixed outcomes is inconsistent inclusion of
a control group or control conditions (Palmer et al., 1998). Both unilateral and bilateral fittings
have been used to study acclimatization, and therefore, study design, by default, is inconsistent.
Indeed, most of the literature in support of acclimatization effects have used unilateral fittings to
study acclimatization (Cox et al., 1996; Gatehouse, 1992). Hamilton and Munro (2010) reported
evidence of auditory plasticity (as revealed through changes in loudness perception) in unilaterally,
but not bilaterally fitted hearing aid users when compared to the control group, suggesting that an
asymmetrical input to the ears may be required. Even so, there is convincing evidence to dispute
this claim. Improvements in speech-in-noise performance (Dawes and Munro, 2017; when
including only subjects with more severe hearing losses and consistent hearing aid usage) and
auditory processing times of speech signals (Habicht et al., 2018) following bilateral hearing aid
experience indicate that acclimatization is not limited to unilateral experience. Other investigations
of non-speech auditory domains, such as changes in loudness perception and intensity
discrimination (Philibert et al., 2005, 2002) following bilateral use of amplification, support the
efficacy of bilateral stimulation on auditory plasticity. In an unpublished dissertation, Hamilton
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(2007) reported increased uncomfortable loudness levels measured in both unilaterally and
bilaterally fitted experienced hearing aid users compared to participants with no hearing aid
experience. Certainly, unilateral fittings can be an appealing study design as each subject serves
as their own control. Studies using bilaterally fitted devices require the use of a separate control
group to rule out practice effects, and unfortunately, many studies have either neglected controls,
or included a control condition (e.g. unilateral fitting) but not a control group to substantiate claims
of acclimatization (Gatehouse, 1992; Kuk et al., 2003; Munro and Lutman, 2003; Reber and
Kompis, 2005). Bilateral results using a separate control group are advantageous for studying the
impact of acclimatization from an ecological point of view. As of 2009, it was estimated that the
bilateral fit rate of hearing aids in the United States had increased to 78.8% (Kochkin, 2009), and
therefore, bilateral fittings represent a large proportion of hearing aid users. Investigating
acclimatization to binaurally fitted hearing aids is crucial if acclimatization is an important factor
to consider when assessing hearing aid benefit. Additionally, studies investigating other domains
of auditory plasticity have informed us that changes are sometimes seen ipsilaterally as well as
contralaterally to the treatment ear (Brotherton et al., 2017, 2016; Darrow et al., 2006; Munro and
Blount, 2009; Munro and Merrett, 2013), and thus it is important to treat plasticity effects as the
result of a complex binaural system, and not the product of two independently function ears, as is
sometimes assumed with unilateral stimulation using one ear as the control ear.
Physiological measures such as the auditory brainstem response (ABR; Dawes et al., 2013;
Munro et al., 2007; Philibert et al., 2005) and cortical auditory evoked potentials (Bertoli et al.,
2011; Dawes et al., 2014c; Gatehouse and Robinson, 1996; Habicht et al., 2018; McCullagh, 2009)
have been studied for evidence of acclimatization. The ABR is an electrophysiologically recorded
response that reveals the precise time-locked transduction of a stimulus as it travels through sub-
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cortical areas of the auditory system. The ABR response in humans typically is comprised of four
to five main peaks, each of which have been linked to different auditory nuclei. Wave I of the ABR
reflects activity of the distal auditory nerve as it exits the cochlea, Wave II represents the activity
in the proximal auditory nerve and cochlear nucleus, Wave IV has been linked to activity in the
superior olivary complex and may often be (merged with Wave V), and Wave V, typically the
largest peak, shows activity in the lateral lemniscus and the inferior colliculus (Britt and Rossi,
1980; Melcher et al., 1996b, 1996a; Melcher and Kiang, 1996; Moller et al., 1985). Philibert et al.
(2005) investigated “physiological acclimatization” in adults without previous hearing aid
experience at three- and six-months post-fitting of bilateral devices using the ABR. The authors
report that there were no asymmetries in hearing between the ears of the subjects, and no
significant differences in the hearing aid gain between ears. Interestingly, they reported a
significant decrease in the latency of Wave V primarily when stimulating the right ear, which they
attributed to a functional asymmetry in the brainstem. To our knowledge, these results have not
been reproduced. Munro et al. (2007) used the ABR in adults with monaural hearing aid experience
and reported an increased Wave V to SN10 peak-to-peak amplitude compared to the unaided ear,
whereas control subjects (no hearing aid experience) displayed a symmetrical response between
the ears. Dawes et al. (2013) investigated the effects of hearing aid use on the ABR and did not
report any significant changes in latency or peak amplitudes for any waves following twelve weeks
of hearing aid use. Studies using cortical auditory evoked potentials also show mixed evidence for
acclimatization. Bertolli et al. (2011) studied the N1-P2 latencies and amplitudes in response to
100 msec pure tones (500, 1000, and 2000 Hz at 55, 70, and 85 dB SPL) in experienced bilaterally
and unilaterally fitted hearing aid users compared to a control group of normal hearing subjects.
No significant interactions between subject group and ear, frequency, or stimulus level were
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reported for any of the components; however, post-hoc analyses on the unilaterally fitted group
did show an interaction effect between ear, frequency and stimulus level, with larger P2 amplitudes
for the 2000 Hz tone in the fitted ear compared to the not-fitted ear. The authors suggested that
this result, in combination with modest improvements in speech perception in the fitted ear, was
consistent with acclimatization following unilateral hearing aid use.
To some extent, there is a disconnect between what clinicians and manufacturers discuss as
evidence of acclimatization and what researchers have investigated. The most common outcome
attributed to acclimatization is that patients are willing to tolerate greater hearing aid gain as they
accumulate experience with hearing aids. As a result, clinicians frequently increase gain over time
during repeated clinic visits or through automatic gain increments via onboard hearing aid
software. Researchers often focus on speech perception as an index of acclimatization. Increasing
gain might be expected to improve audibility, which can improve speech perception, but if speech
perception is measured in the presence of background competition, there is no guarantee that
increased gain will improve speech perception performance. None of the studies cited above
integrated the phenomenological clinical observations into the research design. That would require
conducting aided speech perception measures at the initial gain settings as a baseline measure at
the time of fitting and the increased gain settings as the comparison measure following some period
during which acclimatization might occur. Regardless, if a change in gain is warranted or required
for better speech understanding, the adaptive processes that inevitably occurred and led to this
perception are still unclear.
Amplification as an augmented acoustic environment
Amplification represents a form of an augmented acoustic environment (AAE) that aims to
restore the audibility of soft sounds, normalize loudness perception, and improve the signal-to104

noise ratio reaching the ear. Some studies have shown that over time chronically altered acoustic
input via amplification leads to acclimatization including changes in loudness growth, loudness
tolerance, preferred loudness levels, intensity discrimination, and speech perception in noise
(Gatehouse, 1992; Munro, 2008; Munro and Merrett, 2013; Robinson and Gatehouse, 1995).
Changes in perception to loudness and intensity cues following amplification have also been
documented (Gatehouse and Robinson, 1996; Hamilton and Munro, 2010; Munro and Merrett,
2013; Munro and Trotter, 2006; Olsen et al., 1999; Philibert et al., 2005, 2002). Philibert et al.
(2005) investigated the effects of bilateral amplification over a period of 6 months on loudness and
intensity related outcome measures. All participants (n=8) were novice hearing aid users. A
loudness scaling task was completed where listeners rated pure-tone (500 and 2000 Hz) stimuli on
a 7-point scale, from ‘Not Audible’ through ‘Too Loud’. The authors reported that over time, the
listeners’ criteria for ratings of the loudest categories shifted – that is, they rated sounds in these
categories as being less loud progressively over time. Post-hoc analyses showed that there was a
two-way interaction between time and category for the 2000 Hz stimulus, but not for the 500 Hz
stimulus, indicating both category-specific effects, as well as frequency-specific effects for
changes in loudness. In the left ear, there were significant changes in the “ok”, “loud” and “very
loud” categories, and in the right ear, there were significant changes in the “very loud” category.
The same study also investigated the effects of hearing aid use on the perception of intensity, the
physical parameter associated with loudness. Difference limens for intensity (DLI) were measured
independently in each ear at two intensities (75 and 95 dB SPL) at the same frequencies used in
the loudness scaling task (500 and 2000 Hz). Statistical analyses were performed for separate
presentation levels and revealed significantly decreased DLIs for the 95 dB SPL presentation level
over time, and no effect for the 75 dB SPL presentation level. These results are consistent with the
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category specific changes that were seen in the loudness scaling task, that is, the authors reported
that changes were seen only for more intense presentation levels, in general. This has implications
for which regions of the listener’s dynamic range are affected by hearing aid use, and supports the
hypothesis that hearing aid acclimatization relies on the exposure to sounds that are not regularly
experienced by the auditory system (Munro, 2008; Palmer et al., 1998).
There are several studies that have measured behavioral and physiological changes that occur
following experience with amplification. Hamilton and Munro (2010) measured uncomfortable
loudness levels (ULLs) for experienced unilateral and bilateral hearing aid users. A 3 to 5 dB
interaural asymmetry was obtained in the unilateral group, with roughly a 1.5 dB increase in the
ULL of the fitted ear, and a 2.5 dB decrease in ULL of the not-fitted ear. In this study, there were
no differences in ULL between the bilateral group compared to a control group, and there was no
interaural asymmetry. The authors suggested that these results are consistent with the hypothesis
that perceptual changes following use of amplification requires asymmetric inputs between the
ears. The documented relationship between loudness discomfort levels and acoustic reflex
thresholds (ARTs; Olsen, 1999) led Munro et al. (2007b) to investigate the ARTs and loudness
discomfort levels in aided and unaided ears of experienced, unilaterally fitted hearing aid users.
The acoustic reflex, or middle ear muscle reflex, engages a brainstem pathway that involves
ipsilateral and contralateral brainstem nuclei and terminates with the bilateral contraction of the
stapedius muscle in the middle ear (Borg, 1973; Pascal et al., 1998). The acoustic reflex threshold
(ART) is the lowest sound pressure level required to elicit this reflex, as measured by a probe in
the ear canal that detects a brief change in the admittance characteristics of the middle ear system.
Munro et al. (2007b) measured significantly higher ARTs as well as higher loudness discomfort
levels for the fitted ears compared to the not-fitted ears. These results are supported by the results
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of Munro and Merrett (2013), who prospectively investigated changes in ARTs in normal-hearing
individuals with no previous hearing aid experience. Brainstem plasticity and loudness perception
were measured following five days of unilateral, low gain amplification. ARTs measured at the
end of the five-day period had increased significantly (in the realm of 3 to 4 dB) in the fitted ear
only. The authors describe these results as being consistent with a central gain mechanism within
the auditory system, such that the increase in ARTs reflects an adaptive decrease in central gain
due to the additional acoustic input provided by the hearing aids. It is not implausible that the
mechanisms that modulate central gain are indeed related to the subjective improvements that
hearing aid users typically express following consistent hearing aid experience.
Central gain in the auditory system
Central gain, a form of homeostatic plasticity, is speculated to occur in the auditory system
when chronic changes in the acoustic environment are introduced. Perhaps the most robust
evidence for central gain in the auditory system are investigations of chronic earplug use (acoustic
deprivation), another form of AAE. Chronic deprivation through earplugging temporarily reduces
the acoustic input to the system. According to the principles of homeostatic plasticity, when the
input to a sensory system is chronically altered, neural networks aim to stabilize the mean pre- and
post- synaptic neuronal activity by increasing or decreasing synaptic strengths, resulting in altered
excitation and inhibition patterns (Turrigiano, 1999). In the case of acoustic deprivation through
earplugging, reduced peripheral input then leads to a compensatory increase in gain of stimulusevoked activity within the auditory system. Behaviorally, this may be reflected as a change in
loudness perception. Indeed, Formby et al. (2003) demonstrated reduced tolerance (i.e., increased
sensitivity) for louder, suprathreshold sounds on the Contour test of Loudness Perception (Contour
test; Cox et al., 1997) after two weeks of chronic bilateral acoustic attenuation via earplugs.
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Following the deprivation period, listeners assigned loudness categories at levels 5 to 9 dB lower
than baseline judgements. These results indicate that auditory deprivation (i.e. attenuation of
acoustic input) leads to progressive increases in loudness perception over time (i.e., increased
central gain). These results were corroborated by Formby et al. (2007) and Munro et al. (2014),
but not by Brotherton et al. (2017), who did not report any significant increases in loudness
perception following unilateral acoustic deprivation.
Physiological evidence of central gain has also been documented following acoustic
attenuation via earplugging. Several studies have documented a marked reduction (i.e., increased
sensitivity due to increased gain) in ARTs following deprivation via earplugs (Brotherton et al.,
2019, 2017, 2016; Maslin et al., 2013; Munro et al., 2014; Munro and Blount, 2009). In general,
an interaural asymmetry on the order of 5-10 dB was present after monaural earplug use, depending
on test frequency. These studies acknowledge that the observed interaural asymmetry is due in part
to both decreased ARTs in the plugged ear and increased ARTs in the control (not-plugged) ear.
Munro et al. (2014) reported that the changes seen in the control ear (e.g., increase in ART)
contributed to the asymmetry as much as the changes in the plugged ear. In Chapter 2 of this
dissertation, we demonstrated a similar effect in young, normal hearing listeners who wore an
earplug in the left ear for two weeks. In the plugged ear, ARTs were reduced by an average of 9.5
dB, and a negligible change in the opposite direction in the not-plugged ear, consistent with
increased central gain. The results of acoustic attenuation studies provide an excellent framework
for studying central gain in the context of hearing loss, and the methodology may certainly be
useful for investigating the therapeutic and rehabilitative effects of AAE.
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Sound generators as an augmented acoustic environment
Continuous stimulation with low-level sound via sound generators represents yet another form
of AAE. Sound generator noise (referred hereafter as ‘sound generators’), is typically broadband
noise (BBN) or other sounds that are generated by a device, (e.g., a hearing aid), and used to deliver
sound therapy to the wearer. Clinically, sound generators are commonly used with tinnitus and
hyperacusis patients and may be presented in isolation or in combination with amplification if a
hearing loss exists. In the context of sound therapy for tinnitus and hyperacusis, the theoretical
basis relies on the existence of altered central gain within the auditory system (Formby et al.,
2003). That is, the goal of supra-threshold sound generator therapy has been to recalibrate or
desensitize the neural gain circuits that have been compromised and thus given rise to tinnitus or
hyperacusis (Jastreboff et al., 1996; Jastreboff and Hazell, 1993). Sound generators provide a form
of AAE that enhances (as opposed to attenuating with earplugs) the acoustic environment and may
be analogous to traditional amplification in terms of providing novel, elevated sound exposure.
Although central gain has been studied using sound generators, the research is limited. In the same
study previously mentioned, In Formby et al. (2003), described previously in relation to auditory
attention with earplugging, they also investigated the use of bilateral sound generators on loudness
perception. Following a two-week period of bilateral sound generator use, listener’s perceptions
of loudness decreased (i.e., reduced sensitivity), meaning it required an additional 4 to 8 dB in
order to match the level assigned to pre-treatment categories. Similar results have been obtained
in several other studies (Formby et al., 2007, 2015, 2017b; Noreña and Chery-Croze, 2007). Other
than loudness perception, the effect of sound generators on other measures of central gain is
limited. Formby et al. (2017a) reported changes in the latency of wave Pa of the middle latency
response (MLR) in case studies of three hyperacusic subjects before and after sound generator use.
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Though the change in latency was consistent between the three subjects, the authors report several
issues in the study design that make interpretation difficult.
Physiological measures related to loudness perception
The auditory steady-state response (ASSR) is an electrophysiological measure documented to
show a promising relationship with loudness perception (Korczak et al., 2017; Ménard et al., 2008;
Van Eeckhoutte et al., 2018a, 2018b, 2016), thus making it a potential useful tool for investigating
abnormal central gain (Formby et al., 2017a). The results described in Chapter 2 indicate that
different types of AAE (e.g. earplugs, sound generators) used over a prolonged period results in
cortical changes that are revealed in the ASSR. The ASSR is a phase-locked response to the
periodicity of a modulated tone or noise and is analogous to the envelope following response (EFR)
and amplitude modulation following response (AMFR; Galambos et al., 1981; Picton et al., 2005,
2002) . It can be measured using several recording techniques, including a simple 3-electrode
recording montage or multi-channel (e.g., 64-channel) electroencephalography (EEG). The 80-Hz
ASSR has been shown to be a viable method for indexing loudness recruitment at the level of the
brainstem resulting from cochlear hearing loss (Kubota et al., 2019), and may also be useful for
indexing changes in loudness perception at higher levels of the auditory system. Ménard et al.
(2008) showed that in normal-hearing listeners (i.e. without loudness recruitment), there was
stronger correlation between ASSR amplitude growth and behaviorally obtained loudness growth
functions than between the ASSR amplitude-intensity functions. Van Eeckhoutte et al. (2016)
showed that ASSR magnitude growth functions and loudness growth functions were almost
identical in shape for hearing-impaired and normal-hearing subjects and that ASSR amplitudes
were a good predictor of the behavioral loudness scaling results, especially for hearing-impaired
subjects. In addition to the promising relationship with loudness, a strong correlation between the
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ASSR and speech understanding has been documented (Dimitrijevic et al., 2004). The ASSR relies
on the ability of the auditory system to detect the modulation of a signal. Given the relationship
between envelope detection and speech perception ability (Millman et al., 2017; Swaminathan and
Heinz, 2012), the ASSR may also inform our understanding of the ability to detect envelope cues
in a speech signal.
Neural generators of the ASSR have been documented at multiple levels of the auditory
pathway; however, contributions from dominant sources can vary depending on the stimulus
modulation rate, such that higher modulation rates (e.g., 80 Hz) primarily reflect dominant activity
in the brainstem, whereas slower modulation rates (e.g., 40 Hz) reflect dominant contributions
from cortical sources within and beyond the auditory cortex (Farahani et al., 2019, 2017; Herdman
et al., 2002; Luke et al., 2017; Picton et al., 2002). Given the convincing evidence regarding the
relationship between the ASSR and loudness perception and indirectly, speech perception, the
cortically-evoked ASSR may be useful for further investigating changes resulting from changes in
central gain (Formby et al., 2017a; Korczak et al., 2017) and hearing aid acclimatization.
In order to measure central gain specifically in cortical structures, it is important the
appropriate analysis techniques are used that provide accurate and specific information regarding
the generators of the ASSR. Methods, such as positron emission tomography (PET),
magnetoencephalography (MEG), and electroencephalography (EEG) have all been used to
investigate the cortical generators of the ASSR (Farahani et al., 2017, 2019; Gutschalk et al., 1999;
Herdman et al., 2002; Luke et al., 2017; Pantev et al., 1996; Ross et al., 2005). The results of these
studies have documented both primary auditory cortices, the left medial geniculate body, the
middle frontal gyrus as likely cortical sources of the ASSR. Detecting potential differences in the
contribution of the two hemispheres is also important, and the appropriate source localization
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analysis methods must be used. Luke et al. (2017) used EEG to investigate generators of the ASSR
for acoustic and electric (i.e., cochlear implant) hearing and showed that for those with acoustic
hearing, there is a preponderance for right hemispheric dominance of the 40-Hz ASSR response,
regardless of presentation ear. Data from our lab supports this right-sided dominance in young,
normal hearing subjects (see Chapter 2), however, it is relatively unknown how the distribution of
activity of the ASSR will present in an older population who have long standing hearing loss.
Consistent with the hemispheric asymmetry reduction in older adults model (HAROLD; Cabeza,
2002), several studies have demonstrated that cortical processing in older adults becomes more
diffusely distributed for a number of auditory tasks, such as perceiving interaural time and intensity
differences, and resolving temporal fine structure (Eddins et al., 2018; Ozmeral et al., 2016).
Therefore, if the ASSR is to serve as an index of cortical change in central gain following changes
in peripheral input to an aged auditory system, it is important to evaluate contributions from both
right and left hemispheres. Sensor-based EEG data is limited by the fact that the response at each
electrode may reflect the activity in multiple generator sites due to volume conduction of electrical
activity through the brain. Source localization techniques, and specifically the dynamical statistical
parametric mapping (dSPM; Dale et al., 2000) will be beneficial in understanding the contributions
of different generators within the cortex as well as allowing us to distinguish deeper hemispheric
contributions with excellent temporal resolution.(Lin et al., 2006; Stropahl et al., 2018)
Goals of the present study
There are two overarching goals of the present study; 1) to induce and quantify central gain
changes in the auditory system of older adults with ARHL through the use of bilateral sound
generators with the addition of amplification to overcome audibility deficits, and 2) to evaluate the
relationship between changes in central gain and our understanding of hearing aid acclimatization..
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Determining the extent to which the aging auditory system may adapt to changes in acoustic input
is imperative in how we interpret expectations for hearing aid related rehabilitation strategies. If
the auditory system in older adults is sufficiently malleable to reduce some of the perceivable
negative effects associated with hearing loss, our understanding and interpretation of what should
be interpreted as hearing aid acclimatization may shift. The combination of sound generators and
amplification represent a realistic approach to treating ARHL that could easily be translated into
clinical practice if the outcomes prove beneficial.
Studies reporting positive acclimatization effects often state that the clinical significance of
such improvements is modest (Turner and Bentler, 1998). The growing body of clinical and
experimental literature using sound generators suggest that this type of AAE produces robust,
measurable plasticity. Loudness perception and limited electrophysiological measures (e.g. MLR,
ABR) have been studied, however, there is a substantial gap in our knowledge regarding the utility
of sound generators for steering auditory plasticity, and potentially, hearing aid acclimatization.
The present study includes a unique combination of measures that target changes in central gain
and aspects of acclimatization. The overarching hypothesis is that the combined use of
amplification and sound generators will induce robust evidence of central gain modulation as
indexed through behavioral and physiological outcome measures. In addition to the measures
already discussed (ARTs, loudness perception, and the cortically-evoked ASSR), we will also use
two additional measures to investigate central gain and hearing aid acclimatization. Amplitude
modulation (AM) detection is analogous to perception of the slow-varying component of the
speech waveform, or the temporal envelope. The ability to efficiently code these fluctuations has
been documented to play an important role in understanding speech in quiet and in noise
(Swaminathan and Heinz, 2012). Moore et al. (1996) proposed that hearing loss and recruitment
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magnifies the perceived fluctuations in a modulated pure tone signal. This was recently supported
by an investigation using magnetoencephalography (MEG) to measure phase locking of cortical
neurons to a temporal envelope of modulated noise (Millman et al., 2017). The results of this study
showed that hearing loss was associated with higher amplitudes of neural envelope encoding than
in normal hearing, indicating a neural magnification of the fluctuations in the signal, consistent
with Moore et al. (1996). Additionally, the authors measured speech perception using IEEE
sentences (Rothauser et al., 1969) in the presence of a modulated masking noise in the same
subjects. Interestingly, they reported that magnified neural envelope encoding in the left
posteromedial auditory cortex was significantly correlated with poorer speech performance in
modulated background noise. We will use AM detection as a behavioral index of a change in
central gain, and thus acclimatization for an important aspect of speech perception. Our hypothesis
is that expanding the dynamic range will diminish the perceived fluctuations in the modulated
signal, leading to higher AM detection thresholds relative to baseline.
Additionally, we will use a modified version of the Hearing in Noise Test (HINT; Nilsson et
al., 1994) to measure aided and unaided speech-in-noise perception and measure hearing aid
benefit in accordance with other studies of acclimatization. As pointed out by Turner and Bentler
(1998), due the within-subject variability for speech perception measures, it would require an
exorbitant amount of test items to detect any significant amount of improvement that would be
able to be attributed to acclimatization with a high level of confidence. Our hypothesis is that there
will not be any detectable change in hearing aid benefit over time as measured by HINT
performance, thus justifying the pursuit of other indices of acclimatization.
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Method
Participants
Older adults with mild to moderately severe sensorineural hearing loss were assigned to one
of two groups. The Experimental group (SG+Amp) wore hearing aids that delivered amplification
and low-level noise (i.e., sound generator) for two weeks. The Control group wore no devices other
than during the aided testing. A more detailed description of the two groups is provided below. A
total of 19 participants (10 females, 9 males) were enrolled into the study (mean age 70.65 ± 6.0
years) with twelve subjects assigned to the Experimental group (mean age 68.4 ± 4.9 years) and
seven subjects assigned to the Control group (mean age 74.5 ± 6.2 years). Five additional subjects
qualified to be included in the Control group; however, they were not able to start the study due to
a cease in operations related to the COVID-19 shutdown. Out of the seven subjects in the Control
group, only five participants were able to complete all study sessions. Partial data from the two
additional Control-group participants were obtained and were included in the group averages for
figures and the summary that follows. By nature of the statistics used, missing data caused these
two subjects to be automatically dropped from the statistical analyses for recurrent measures.
Assignment to the study groups was determined primarily after measuring baseline acoustic reflex
thresholds (ART). Based on the results of Munro and Merrett (2013), we were concerned that
ARTs in the experimental group might shift upwards beyond the limits of the transducer output
(90 dB SPL for broadband noise), and therefore post-treatment ARTs would not be able to be
sufficiently measured. We did not expect ARTs to change for subjects in the Control group, and
therefore we assign those with slightly higher ART thresholds to this group. Statistical
comparisons between the two groups is included in the results section.
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All participants underwent a standard intake protocol, which included pure tone air- and boneconduction audiometry, immittance measures, and the Words-in-Noise (WIN; Wilson et al., 2003;
Wilson and Burks, 2005). The targeted population for this study was older adults with mild-tomoderate, sloping sensorineural hearing loss in order to represent a typical audiometric
configuration for persons with presbycusis. Inclusion criteria required that thresholds be <30 dB
HL from 250 Hz to 1000 Hz, and between 40 and 60 dB HL from 2000 to 4000 Hz, bilaterally,
with no asymmetry between ears > 10 dB at any frequency (see Figure 3.1). Additionally, cognitive
function was screened using the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005).
Average scores on the MoCA were reflective of a passing score (26) for subjects in both groups
(SG+Amp group: 28.3 ± 1.42; Control group: 26.7 ± 2.1). No participants had previous experience
wearing hearing aids or sound generators. Participants were compensated monetarily for their time.
All procedures were approved by the University of South Florida Institutional Review Board.
Participants in the Experimental group (“SG+Amp”) were assigned to wear a pair of bilateral,
open-fit, receiver-in-the-canal (RIC) hearing devices that produced a low-level band-passed noise
(Sound Generator; “SG”), and also provided amplification (“Amp”) to accommodate hearing loss.
Those assigned to the Control group (“Control”) underwent the same hearing aid fitting procedures
as the SG+Amp group, however, they only used the hearing aids for in-lab speech-in-noise
measurements. The subjects in the Control group were adhered to the same testing intervals as the
SG+Amp group, however they did not wear any hearing devices between appointments.

116

Figure 3.1: Audiometric profiles of subjects in the SG+Amp group (n=12) and the Control group
(n=7). Subjects included in both groups were older adults with sloping mild to moderately severe
sensorineural hearing loss through 4000 Hz. Error bars indicate standard deviation.
Hearing device fitting: Sound generator frequency response (Step 1)
The hearing devices used in this study provided both sound generator noise as well as
prescriptive amplification to accommodate for hearing loss. Participants in the SG+Amp group
were fitted with bilateral mini receiver-in-the-canal (RIC) hearing devices (Unitron Moxi Fit Pro)
with open-dome coupling. Sound generator frequency response and level were established first,
followed by fitting of the amplification gain-frequency response. The desired level and spectrum
of the sound generators was determined initially through a masking procedure under headphones.
The spectrum of the response remained constant, however global level was later adjusted for
tolerance if requested by the subject. To accomplish the masking procedure, hearing aid gain was
turned off during the sound generator fitting procedure by muting the microphones. This
eliminated interference due to any potential acoustic feedback associated with headphone
placement over the hearing aids and perceptual alterations associated with gain. Following
insertion of the devices into each ear, pure-tone air-conduction thresholds then were obtained
through circumaural headphones (RadioEar DD450) placed over the hearing devices to establish
accurate thresholds needed for the masking procedure. The procedure was completed under
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headphones so that the hearing devices could be programmed independently for each ear. Sound
generators were activated in the manufacturing software which resulted in a band-passed noise in
both ears simultaneously. The fitting procedure was developed to mimic the frequency response
of the noise generators used in previous studies (Formby et al., 2003, 2007), and to provide the
maximum sound enhancement in the frequency region associated maximal gain for typical
threshold-based hearing aid fittings. Initially, the sound generator noise frequency response was
based on the manufacturer default settings and spanned roughly 1000 Hz to 8000 Hz with the
expected roll-off below about 2000 Hz due to the open-fit (maximum venting) acoustic coupling
and the receiver frequency response. All sound generator frequency channels were increased
globally until a 20 to 22 dB threshold shift at 3000 Hz was obtained in the ear with the poorer
thresholds. The noise level then was decreased below 2000 Hz and above 6000 Hz to more closely
match the frequency response reported by Formby et al. (2003, 2007) and to reduce the perceived
loudness of the noise and its potential to mask environmental sounds. The participant was asked
to listen for any perceived loudness differences between the ears. If the loudness of the noise was
unbalanced, the level of the sound generator noise in the ear with the better threshold at 3000 Hz
was increased until the noise loudness was balanced in the two ears. Participants then were
provided a graphic displaying the loudness scale used in the Contour test (an outcome measure
used in the study) and asked to categorize the noise on the scale from 1 (‘Very Soft’) to 7
(‘Uncomfortably loud’). The targeted loudness of the noise was between a Category 3
(‘Comfortable, but slightly soft’) and a Category 4 (‘Comfortable’). The overall response of the
sound generator was then decreased or increased until the participant rated the noise in the range
of Categories 3 to 4. The average threshold shifts caused by the sound generator noise at standard
audiometric frequencies are shown in Figure 3.2.
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Figure 3.2: Average threshold shift caused by sound generator noise following masking
procedure. Solid line (red) represents the right ear. Dashed line (blue) represents the left ear.
Error bars indicate standard deviations.
Hearing device fitting: Amplification (Step 2)
Hearing aid prescriptive gain was set following the sound generator fitting. Sound generators
were turned off during the speech-mapping procedure. NAL-NL2 prescription targets were chosen
as this fitting formula is designed to ensure listener comfort by prescribing less gain in the high
frequencies in comparison to other fitting formulas (DSL; Scollie et al., 2005). The subjects were
all naïve hearing aid users and as they would not be given a volume control during the study, using
NAL-NL2 targets reduced the risk of attrition. Hearing aid gain was set within ±3 dB of the targets
at octave frequencies between 250 to 8000 Hz using standard real-ear probe microphone
measurements were performed using the speech mapping function on the Audioscan Verifit2.
Probe tubes were inserted into the ear canals to a standard insertion depth of 28 mm. Speech
mapping was completed using NAL-NL2 targets (Keidser et al., 2011) for a 65 dB SPL input
signal (female talker). Sound generator output was then measured by using the live-speech
function on the Verifit 2. The average real-ear aided responses and sound generator output for all
subjects is shown in Figure 3.3a – b. A pair of hearing devices were also programmed in the same
manner as previously described (without sound generators) for the subjects who were enrolled into
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the Control group, however they did not take the hearing aids outside of the lab and only wore
them during aided speech perception testing during lab visits.
Participants were instructed to wear the devices for all waking hours (and a minimum of
twelve hours per day) during the day for a total of two weeks. Compliance was monitored by the
automatic hearing aid data-logging of hearing aid use provided by the manufacturer’s software
which indicates the average number of hours per day the devices were powered on. Using the datalogging information as a proxy for wear time, all subjects except for one wore the devices for the
required amount of time. On average, subjects wore the hearing devices for 12.92 ± 2.5 hours per
day. One subject wore the devices for an average of seven hours per day during the first week.
That subject was counseled on the need to wear the devices for at least twelve hours per day and
the data logging indicated use of the devices an average of exactly 12.0 hours during the second
week.

Figure 3.3a – b: Panel A: Average real-ear aided response probe-microphone measurements (dB
SPL) for a 65 dB SPL speech input. Panel B: real-ear probe microphone measurements of sound
generator output (dB SPL) in the ear canal. Red lines and shaded areas represent the average
recorded response and ±1 SD, respectively, for right ear measurements. Blue lines and shaded
area represent the recorded response and ±1 SD, respectively, for left ear measurements. Purple
shaded region is the overlap between the right and left ear.
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Testing Schedule for Recurrent Measures
A battery of recurrent test measures was obtained at four time points over the duration of the
study. Following the intake visit to determine study eligibility, subjects were brought back for a
second visit in which the hearing devices were programmed and received counseling on device
use and care, though they did not begin wearing the devices until the following appointment. On
the third visit, baseline measures were obtained (‘Day 0’). At the end of the Day 0 visit, the
participants were allowed to keep their hearing devices for everyday use and were provided a
battery-change log to help track of usage. Robust changes in loudness perception following sound
generator use have been documented within two weeks (Formby et al., 2007), and therefore, we
hypothesized that two weeks of device use would be sufficient for studying the proposed outcome
measures. Participants wore devices for a period of two weeks and were seen for recurrent test
measures at Week 1 and Week 2. The participants returned the devices at the end of the Week 2
session. The participants were then brought back for a final appointment following a two-week
period without wearing the hearing devices (Week 4). The devices were still programmed for each
participant and were used during Week 4 testing for aided measurements.
Acoustic Reflex Thresholds (ARTs)
Participants were seated in a sound-attenuating booth for all test measures. Hearing devices
for the SG+Amp group were removed at the beginning of each test session and the subjects were
instructed to re-insert the devices during any breaks in testing. Immittance measures were
performed using a GSI Tympstar Pro using a standard 226 Hz probe tone. Tympanometry was
performed prior to measuring the ARTs to ensure consistent middle ear function and to obtain the
Equivalent Ear Canal Volume (ECV) and static tympanometric peak pressure (TPP). ARTs in
response to broad-band noise (BBN) were measured at the TPP measured on the day of testing.
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Broadband noise stimuli may elicit ARTs at lower sound pressure levels than with tones (Dallos,
1964; Gelfand and Piper, 1984), thus BBN was chosen as the single stimulus type for ARTs.
Obtaining a reliable and repeatable acoustic reflex in elderly adults with sensorineural hearing loss
is sometimes difficult, and using BBN proved to be the most reliable stimulus for eliciting a reflex
for our study population. Additionally, there is evidence that that acoustic reflexes may be elevated
following hearing aid use (Munro and Merrett, 2013), and in order to measure reflexes below the
output limit of the equipment, obtaining low baseline ARTs was important in order to measure any
potential increases in ARTs without reaching the output limit of the equipment. An acoustic reflex
threshold was taken as the minimum sound pressure level required to activate the acoustic reflex
with at least a 0.015 ml change in admittance. Measurement and determination of the acoustic
reflex thresholds were obtained using methods outlined in Chapter 2 of this dissertation.
Loudness Perception
A loudness scaling procedure was completed to quantify changes in loudness perception
following treatment. A computerized version of the Contour test was administered prior to
treatment on Day 0, and additionally at the beginning of each remaining test session, including the
final appointment which occurred two weeks after discontinuation of device use. Stimuli were
pulse trains of four “warble” tones (3000 Hz) with a duration of 250 ms and that were frequency
modulated at 5% of the center frequency at a rate of 6 Hz. All stimuli were generated digitally in
MATLAB, converted to analog signals using a TDT RZ6 processor (Tucker-Davis Technologies,
Inc), and routed to DD450 circumaural headphones (RadioEar Corporation). Stimuli were
calibrated in dBC using a Larson-Davis 831 sound level meter and a 6-cc flat-plate coupler for
calibrating circumaural headphones. Stimuli were presented in ascending order starting at 5 dB
above the participant’s thresholds at the test frequency, following methods outlined by Cox et al.
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(1997). In order to prevent the participants from keeping track of their responses between runs, the
incremental step size was varied randomly between runs in steps of 1.5, 2, or 2.5 dB. Following
each stimulus presentation, participants assigned one of seven loudness categories to the stimulus
intensity, ranging from “Very Soft” (1) to “Uncomfortably Loud” (7). After rating a presentation
as a ‘7’ (“Uncomfortably Loud”), the intensity reset to the starting intensity and the participant
repeated the scaling procedure two additional times with the remaining incremental step sizes. The
sound level (in dB HL) for a given response category was recorded as the median value of levels
given to category across the three runs. The order of the step-size increments and the order of
presentation (i.e. right first or left first) was counterbalanced across all participants and all visits.
Amplitude Modulation Detection
In addition to the measures previously described that have been used to investigate central
gain, we included amplitude modulation (AM) detection thresholds in our test battery. Amplitude
modulation detection is one method of measuring intensity discrimination (e.g., Riesz, 1928),
which is a physical analog to loudness perception and forms a behavioral analog the ASSR
measures described below. To our knowledge, AM detection as not been investigated in terms of
central gain. AM detection thresholds were obtained using SykofizX software application (TuckerDavis Technologies, Inc.). Stimuli were generated digitally in SykofizX, converted to analog
signals using a TDT RZ6 processor (Tucker-Davis Technologies, Inc), and routed to DD450
circumaural headphones (RadioEar Corporation). Stimuli were calibrated in dBC using a LarsonDavis 831 sound level meter and a 6-cc flat-plate coupler for calibrating circumaural headphones.
Thresholds were measured with a three-interval, three alternative forced-choice paradigm and a
three-down, one-up scoring procedure, estimating the 79.4% correct point on the subject’s
psychometric function (Levitt, 1971). One trial consisted of a series of three, 500 msec stimulus
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presentations with a 500 msec interstimulus interval. Stimulus rise and fall times were 20 msec,
and the level was set to 80 dB SPL for all intervals and all subjects. Two of the intervals contained
a 3000 Hz pure tone (the ‘standard’), and one interval contained amplitude-modulated ‘signal’; a
3000-Hz carrier tone with an 8 Hz modulation rate, and a modulation index of 1 (100% modulation
depth). The order of the intervals was randomized. Participants were instructed to select the
interval containing the modulated tone on a touch screen and were subsequently provided with
visual feedback indicating the correct interval. The modulation depth was decreased in initial steps
of 5 dB (modulation depth; [20 log (m+Δm)], where m is the standard modulation depth) and a
final step size of 2 dB following the first three larger-step size reversals. The first three reversals
were discarded, and the threshold was taken as the average of the last eight reversals. The test
terminated when there were at least eleven reversals, or if the subject reached a maximum of 120
trials. Two blocks of trials were completed independently for each ear, and the order of which ear
was tested first was counterbalanced between subjects and across visits.
Speech in Noise
A modified version of the Hearing in Noise Test (HINT; Nilsson et al., 1994) was developed
to allow for aided and unaided speech-in-noise sound field testing using a custom MATLAB
interface. Sentence and background noise stimuli were converted to analog signals using a TDT
RZ6 processor (Tucker-Davis Technologies, Inc). The stimuli were routed to two KEF Q100
loudspeakers which were powered by an ART SLA-4 4x140W Power Amplifier. The speakers
were positioned directly in front of (0 degrees) and directly behind the listener’s head and the
participant’s chair was adjusted so that the speakers were at ear-level. Loudspeakers were
calibrated in dBC using a Larson-Davis 831 sound level meter and a ½” free-field pre-polarized
microphone (LD 377B02) and preamplifier (LD PRM831) which was dropped from the ceiling at
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the location of the listener. The MATLAB scripts controlled presentation, response collection, and
allowed for quick scoring. Sentences from the HINT sentence corpus were played through the
loudspeaker 0 degrees (in front of the listener), who was instructed to repeat any part of the
sentence that they heard. A steady-state broadband noise was presented continuously at 60 dB SPL
during the entire block of trials from the loudspeaker at 180 degrees (behind the listener). Each
block consisted of 25 sentences (two sentence lists combined) which were scored as either being
completely correct or incorrect. The test used a one-down, one-up staircase procedure estimating
the SNR-50 point on the listener’s psychometric function (Levitt, 1971). The initial sentence was
played at 0 dB SNR (60 dB SPL) and decreased or increased according to the scoring procedure.
The initial step size decrement for the first four sentences was 4 dB, which decreased to 2 dB for
the remaining sentences. The SNR for the first four sentences was discarded and the SNR-50 was
taken as the average of the SNRs obtained for the remaining sentences. Participants in both the
SG+Amp and Control group were tested in both the aided and unaided conditions, using the
hearing devices that were programmed for the study, from which hearing aid benefit was
calculated. This was the only time during which the Control group experienced any hearing aid
exposure. Each subject was tested with amplification and without amplification two times (25
sentences per condition) and averaged to obtain an aided and an unaided SNR-50 threshold.
Auditory Steady State Response (ASSR)
EEG data were recorded using a high-speed amplifier and eegoTM software (Advanced NeuroTechnology - ANT) and an active-shield, WaveguardTM cap with 64 sintered Ag/AgCl electrodes
(International 10–20 electrode system). The impedance at each of the 64 electrode sites was
maintained at 10 kohm or lower during recording. Eye movements were monitored using
electrodes placed on the outer canthi as well as above and below the left eye. Data were collected
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and digitized at a rate of 4000 Hz. The carrier stimulus for the ASSR was a continuous 3000 Hz
pure tone, sinusoidally amplitude-modulated at a rate of 39.9 Hz (which will hereby be referred to
as “40-Hz”), in order to target generator sites within the cortex. The stimulus intensities for each
subject were determined from each participant’s Category 6 median level on the Contour Test
(mean level=80.9 dB HL [SG+Amp], 85.25 dB HL [Control]) for the right and left ears and
converted to dB SPL, consistent with the methods used in Chapter 2 of this dissertation. Stimuli
were generated by TDT RZ6 and routed to DD450 circumaural headphones via TDT headphone
buffers. Stimuli were calibrated in dBA using a Larson-Davis 831 sound level meter and a 6cc
flat-plate coupler for calibrating circumaural headphones. The modulated tone was presented
monaurally to each ear for five minutes continuously while the participant watched a closecaptioned video on a monitor positioned in front of the subject. Presentation order (e.g. right or
left ear stimulation first) for each ear was counter-balanced across participants and visits.
Processing of the EEG data occurred offline using Brainstorm (Tadel et al., 2011) software
which is documented and freely available for download online under the GNU general public
license and is used within the MATLAB environment. Raw EEG data were preprocessed by notchfiltering at 60 Hz to remove electrical noise and band-passed filtering from 0.1 Hz to 100 Hz.
Vertical and horizontal eye movements were analyzed using the signal space projection method
(SSP; Uusitalo and Ilmoniemi, 1997), as implemented in Brainstorm, to reduce artifact
components while preserving signals of interest. The responses were then re-referenced to the
average of all electrodes. The data were epoched in 1-sec intervals (300 epochs/condition),
baseline corrected, and averaged across epochs for analysis at the electrode or sensor level. Source
localization analyses were completed using dynamical statistical parametric mapping (dSPM; Dale
et al., 2000). Head model estimates for source localization were computed using OpenMEEG
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(Gramfort et al., 2010; Kybic et al., 2005), an open-source program that employs a symmetric
boundary element method (BEM) to generate a head model with three realistic layers representing
the scalp, inner skull and outer skull. EEG time waveforms at both the sensor and source levels
were analyzed with a Fast-Fourier Transform (FFT) to determine the magnitude of the response in
the 38-41 Hz bin surrounding the 40-Hz modulation frequency of the ASSR. Figure 3.4 (panel A)
illustrates the grand average sensor FFTs for all 64 electrodes across all subjects.

Figure 3.4a – b: Grand average sensor FFT for all electrodes across all subjects (panel A); Grand
average (FFT) of source localized data in in eight auditory regions of interest (panel B)
Consistent with the methods outlined in Chapter 2, source-localized data were analyzed for
four auditory regions-of-interest (ROIs) determined from the Destrieux atlas (Destrieux et al.,
2010) in both left and right hemispheres. Those ROIs include the transverse temporal gyrus or
Heschl’s gyrus (‘L HG_T_transv’, ‘R HG_T_transv’), lateral superior temporal gyrus (‘L
STG_Lateral’, ‘R STG_Lateral’), planum temporale (‘L Plan_tempo’, ‘R Plan_tempo’) and the
transverse temporal sulcus (‘L Transverse_Sulcus’, ‘R Transverse_Sulcus’). Response magnitudes
in the 38-41 Hz ASSR frequency bin were averaged across the four ROIs in the right and left
hemisphere sources separately. Figure 3.4 (panel B) shows the grand average source FFTs for the
designated ROIs from each hemisphere.
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Statistical Analysis
Data were inspected prior to analysis to decide if parametric methods were appropriate.
Degrees of freedom were adjusted using the Greenhouse-Geisser correction when significant
deviations from sphericity on Mauchly’s test were reported and such cases are reported in
corresponding tables and applicable text. For EEG analysis, it is assumed that the averaged data
converges on a gaussian distribution with increasing samples by the Central Limit Theorem. Data
inspection revealed a close to normal distribution for all recordings. Statistical analyses for all data
were performed using SPSS version 25.
Results
Audiometrics
To evaluate potential differences in pure tone thresholds between groups, a one-factor (group)
analysis of variance was completed using the four-frequency (500, 1000, 2000, and 4000 Hz) pure
tone averages (PTA) for each ear. There was no significant difference between the groups for the
right ear PTA (F1, 16=0.496, p=0.49) or the left ear PTA (F1, 16=0.272, p=0.61). The means of the
four-frequency PTA were 27.8 dB HL (left) and 27.9 (right) dB HL for the experimental group,
and 30.0 dB HL (left) and 30.2 dB HL (right) for the Control group.
Primary outcome measure #1: Acoustic Reflex Thresholds (ARTs)
ECV did not differ significantly across test sessions in either group, indicating that changes
in ECV due to probe positioning were unlikely to affect interpretation of the data. This was
confirmed by a one-factor mixed model repeated measures ANOVA conducted on the ECV data
with test session (4; Day 0, Week 1, Week 2, Week 4) entered as the within-subjects factor, group
as the between subjects factor (2; SG+Amp, Control), and ear entered as a covariate. Within each
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group, there were no significant changes in ECV across test sessions. On average, ECV in the
SG+Amp group was larger than for those in the Control group as revealed by a significant effect
of group (F1, 29=4.45, p=0.04), however there were no significant effects for test session (F3, 87=.41,
p=0.75), and there was no significant time by ear (F3=.081, p=0.97) or time by group (F3=4.41,
p=0.07) interaction. The significant effect for group was likely the byproduct of the sample size in
the Control group and a reflection of an anomaly in the ECV of one or more subjects in that group.
Figure 3.5 shows the averaged ARTs (panel A) and change in ARTs relative to baseline
(measured at Day 0; panel B) over time for the SG+Amp (filled symbols) and Control (open
symbols) groups. The data presented are collapsed across ears as there were no significant effects
for ear and there was no interaction between ear and time for either group. This was determined
by completing a two-factor repeated measures ANOVA (test session [4; Day 0, Week 1, Week 2,
Week 4], and ear [2; right/left]). In the SG+Amp group, no significant main effect of ear was
detected (F1, 10=1.763, p=0.22), and there was no interaction between test session and ear (F3,
30=.353,

p=0.79). In the Control group, there was also no significant main effect of ear (F1, 4=2.04,

p=0.23) and there was no interaction between test session and ear (F3,

12=1.22,

p=0.35).

Additionally, collapsing across ear allows us to compare the results to those in Chapter 2. First
consider the ARTs shown in Figure 3.5 (panel A). A difference in raw ART levels is seen between
the groups existing at Day 0 and is preserved at subsequent visits. This difference was not
surprising and is likely explained by the method in which subjects were assigned to the two group,
as explained in Section 3.3.1.

129

Figure 3.5a – b: Average raw ARTs over time for SG+Amp group and Control group (panel A)
and change in ARTs relative to baseline (panel B) for broad-band noise. Filled in circles represent
the SG+Amp group. Open circles indicate the Control group. Error bars indicate standard error
of the mean. Brackets indicate significance at p<.001.
To better understand changes in ART in Figure 3.5 panel A, a mixed model ANOVA with
test session (4; Day 0, Week 1, Week 2, Week 4) as the within-subjects factor, and group as the
between-subjects factor (2; SG+Amp, Control) was computed on the raw ART data (see Table 3.1
for statistical analyses). The raw reflex thresholds differed between the groups, with higher reflex
thresholds obtained in the Control group, indicated by a significant main effect of test session (F3,
93=4.33,

p=0.007) and group (F1, 31 =12.87, p=0.001), and a significant interaction between the two

(F3, 93=3.60, p=0.02), indicating that reflexes changed across test session differently between the
groups. To identify changes across test session within groups, individual t-tests were computed for
each group. Within the SG+Amp group, there was a significant change in ART between Day 0
and Week 1 (t[22]=-4.11, p < 0.001), Day 0 and Week 2 (t[23]=-4.17 p < 0.001), presumably
reflecting an increase in auditory gain. There was no significant difference between Day 0 and
Week 4 (p > 0.05), indicating a return to baseline following the two week “wash out” period.
Within the Control group, there were no significant changes across test session seen between Day
0 and any time point (p > 0.05).
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Table 3.1: Statistical analysis (mixed ANOVA) for ARTs across test session for SG+Amp and
Control groups.
FACTOR

DF

F

P

SESSION

3,93

4.33

.007

GROUP

1,31

12.87

.001

SESSION*GROUP

3,93

3.60

.016

Primary outcome measure #2: Auditory Steady State Response (ASSR)

ASSR magnitudes derived from averaged sensor clusters for the right and left hemispheres
showed little change over time, regardless of presentation ear. There appears to be an increase in
the magnitude of the response across test session, except for a slight decrease in activity at Week
1 when sound was presented to the right ear. Sensor-based response magnitudes are illustrated in
Figure 3.6b – c.

Figure 3.6a – c: Illustration of left hemisphere and right hemisphere electrode cluster groupings
(panel A). Average sensor based ASSR magnitudes from the left (blue) and right (red) hemisphere
clusters when the stimulus was presented to the right ear (panel B) and left ear (Panel C). Error
bars indicate standard error of the mean.
A three-factor, repeated-measures ANOVA (test session [4; Day 0, Week 1, Week 2, Week
4)], presentation ear [2; right/left], and cluster-hemisphere [2; right/left]) was completed. Though
there appears to be a difference between the magnitudes of the responses in the right and left
hemisphere clusters, with greater right-cluster magnitudes for both presentation ears, no significant
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effects were reported for test session (F1.54, 10.81=.47, p=.58), presentation ear (F1, 7=.66, p=.44), or
cluster-hemisphere (F1, 7=2.44, p=.16) and there were no significant interactions. To further
determine if there were differences between left and right cluster activity, a two-factor, repeatedmeasures ANOVA (test session [4; Day 0, Week 1, Week 2, Week 4)], and cluster-hemisphere [2;
right/left]) was completed separately for each presentation ear separately. This analysis did not
show any significant effects of cluster-hemisphere or test session for the right presentation ear or
the left presentation ear, and there were no interactions. Neither analysis showed a significant
effect of test session, nor were there any significant interactions. Hence, the sensor ASSR data
revealed essentially the same pattern over time with the largest magnitudes observed from right
hemisphere electrode clusters regardless of presentation ear or test session.

In contrast to the sensor analyses, the ASSR data derived from source localized data show
more robust changes within hemisphere and across test session. Specifically, there was a
significant reduction in the magnitude of the ASSR primarily in the left hemisphere when
stimulating either the right or left ears during the treatment period, and a return to baseline activity
following discontinued use of the devices, as illustrated in Figure 3.7.
The data show a clear decrease in ASSR magnitude in the left hemispheric sources at Weeks
1 and 2, with recovery seen at Week 4, and a similar, but less robust pattern in the right hemisphere.
To further evaluate the effects across test session, a series of paired t-tests were completed to
compare within-hemisphere changes over time.
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Figure 3.7a – b: Average ASSR magnitudes in left (blue) and right (red) hemispheric sources
(average of four auditory ROIs per hemisphere) obtained using source-localized EEG data with
sound presented to the right ear (panel A) and left ear (panel B). Error bars indicate standard
error of the mean.
Left hemispheric source activity was significantly decreased at Weeks 1 and 2, followed by a
subsequent increase in activity at Week 4. A significant increase in right hemisphere activity was
present between Week 2 and 4, but not between any other time points. See Table 3.2 for results of
statistical analyses.

Figure 3.8: ASSR magnitudes in left (blue) and right (red) hemispheric sources (average of four
auditory ROIs per hemisphere), obtained from source-localized EEG data with data collapsed
across presentation ear. Error bars represent standard error of the mean. Brackets indicate
significance at p<.05* and p<.01**.
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Table 3.2: Paired t-test results of ASSR source localized data across selected test sessions
COMPARISON

DF
T
Right hemisphere

P

WEEK 2 – WEEK 4

95

-2.18

.032

Left hemisphere
DAY 0 – WEEK 1

95

3.35

.001

DAY 0 – WEEK 2

95

2.59

.011

WEEK 1 – WEEK 4

95

-2.64

.010

WEEK 2 – WEEK 4

95

-2.17

.033

Consistent with the analysis completed in Chapter 2, laterality index (LI) was computed from
source localized data to assess overall hemispheric dominance using the following equation using
an average of the four ROIs within each hemisphere:
𝐿𝐿𝐿𝐿 =

𝑅𝑅𝑅𝑅 − 𝐿𝐿𝐿𝐿
𝑅𝑅𝑅𝑅 + 𝐿𝐿𝐿𝐿

where, RH was the ASSR magnitude for four ROI sources in the right hemisphere and LH was the
ASSR magnitude for the same four ROI sources in the left hemisphere. If LI=0, then the magnitude
of hemispheric activity is essentially equivalent across hemispheres, whereas if LI > 0, then
dominant activity would be lateralized to the right hemisphere, and if LI < 0, then dominant activity
would be lateralized to the left hemisphere. Note that the equation can be also be written conversely
(e.g., (LH – RH)/(LH + RH)), and thus, hemispheric dominance would be interpreted with the
opposite laterality.
Figure 3.9 (panel A) shows the change in the laterality index over the four testing sessions for
the bilaterally fitted SG+Amp group. When sound is presented to either ear, there appears to be a
redistribution of hemispheric representation, with more centralized representation over time.
Interestingly, at the recovery session, the laterality shifted back to the right hemisphere, but only
when sound was presented to the left ear, and the response stayed more centralized when presented
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to the right ear. Collapsing the data across presentation ear yielded right-hemispheric laterality at
all testing sessions (Figure 3.9, panel B). A similar, but perhaps more straight-forward change in
laterality is demonstrated with responses collapsed over presentation ear.

Figure 3.9a – b: Mean ASSR laterality index (LI) measures for the SG+Amp group computed from
four auditory ROIs per hemisphere using source-localized EEG data with sound presented to the
left (blue) and right (red) ears (panel A) and collapsed across presentation ear (panel B). Error
bars indicate standard error of the mean. The horizontal bars represent significant differences at
p<0.05.
A two-factor repeated measures ANOVA was completed for the laterality data with
presentation ear ([2; right/left]) and test session [4; Day 0, Week 1, Week 2, Week 4]) as within
subject factors. Degrees of freedom were adjusted using the Greenhouse-Geisser correction. The
results showed no significant effects for presentation ear (F1, 43=.94, p=.34) or test session (F2.77,
129=1.16,

p=.34), however, there was a significant test session by presentation ear interaction (F3,

104.69=6.47,

p=.001), indicating that changes seen over time were affected differently depending on

presentation ear. A series of paired t-tests were completed for each presentation ear and showed
significant changes in hemispheric dominance when comparing the LI at Week 1 to the Week 4
recovery session (t[43]=-2.28, p=.03), and Week 2 to the recovery session (t[47]=-2.55, p=.01)
when sound was presented to the left ear, and a significant change in hemispheric dominance
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between Day 0 and Week 4 (t[47]=2.35, p=.02) when presenting sound to the right ear. Though an
interaction of between test session and presentation ear was reported, data was collapsed across
presentation ear to be consistent with the results reported in Chapter 2 and to provide a general
measure of laterality without the influence of presentation ear, which may help with interpretation
of the data. The results of collapsing across presentation ear showed a decrease in the laterality
index after Day 0, indicating a more balanced distribution between the left and right hemispheres.
Individual paired t-tests showed a significant difference between Day 0 and Week 2 laterality
(t[95]=2.03, p=.045), with stronger right-lateralized activity at Day 0 and more balanced activity
at Week 2.

Figure 3.10 shows the results of the sensor based ASSR analysis for the Control group over
time. ASSR magnitudes derived from averaged sensor clusters for the right and left hemispheres
did not show any obvious patterns across test session in either hemisphere cluster or for either
presentation ear. Sensor magnitudes appear higher in the right hemisphere cluster, which is
consistent with the results from the SG+Amp group.
A three-factor repeated measures ANOVA of the sensor-cluster data showed no significant
main effects for test session (F1.03, 9=.06, p=.83), presentation ear (F1, 3=.00, p=.99), or clusterhemisphere (F1, 1.5=2.94, p=.19) and there were no significant interactions. Similar to the results
for the SG+Amp group, ASSR sensor data revealed essentially the same pattern over time with the
largest magnitudes occurring in right hemisphere electrode clusters regardless of stimulus
presentation ear or test session.
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Figure 3.10a – b: Average sensor-based ASSR magnitudes for the Control group from the left
(blue) and right (red) hemisphere clusters when the stimulus was presented to the right ear (panel
A) and left ear (panel B). Error bars indicate standard error of the mean.

Source localized ASSR data from the Control group contained response magnitudes that
greatly deviated from magnitudes obtained from subjects in either group. One subject in particular
showed extremely large responses across different scouts. As such, data points that were greater
than two standard deviations of the mean response for each hemisphere were considered outliers
and removed from the analysis. The resulting Control group data, shown in Figure 3.11,
demonstrated similar magnitudes across time within each hemisphere, regardless of the stimulus
presentation ear.
To evaluate the source data from the Control group, a three-factor repeated measures ANOVA
was completed with presentation ear ([2; right/left]), hemisphere [2; right/left], and test session [4;
Day 0, Week 1, Week 2, Week 4]) as within subject factors. Degrees of freedom were adjusted
using the Greenhouse-Geisser correction.
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Figure 3.11a – b: Average ASSR magnitudes in left (blue) and right (red) hemispheric sources
(average of four auditory ROIs per hemisphere) obtained using source-localized EEG data with
sound presented to the right ear (panel A) and left ear (panel B). Error bars indicate standard
error of the mean.
The results showed a significant effect of hemisphere (F1, 13=19.03, p=.001) and a significant
hemisphere by test session interaction (F1.53, 19.92=7.21, p=.007), but no significant effect for
presentation ear (F1, 13=.63, p=.44) and none of the other interactions were significant. Therefore,
data was collapsed across presentation ear. This data, shown in Figure 3.12, shows an increase in
average response magnitude at Week 4 in the right hemisphere, which reflects a pattern similar
to what was seen when the stimulus presented to the right and left ears independently.
Additionally, there is a clear right hemisphere dominance which is in agreement with the
responses seen in the SG+Amp group.
Data was collapsed across presentation ear and an additional two-factor repeated measures
ANOVA (hemisphere [2; right/left], and test session [4; Day 0, Week 1, Week 2, Week 4]) was
completed. Degrees of freedom were adjusted using the Greenhouse-Geisser correction. There
was a significant effect for hemisphere (F1, 27=29.26, p<.001) and for test session (F1.32, 81=12.59,
p<.001) and there was a significant time by hemisphere interaction effect (F1.5, 40.81=8.82,
p=.002). Individual t-tests were completed and the significant within-hemisphere comparisons
138

are shown in Table 3.3. At all test sessions, there was a significant difference between right and
left hemisphere response magnitudes (not indicated in figure).

Figure 3.12: ASSR magnitudes in left (blue) and right (red) hemispheric sources (average of four
auditory ROIs per hemisphere), obtained from source-localized EEG data with data collapsed
across presentation ear. Error bars represent standard error of the mean. Brackets indicate
significance at p<.05* and p<.01**.
Table 3.3: Paired t-test results of ASSR source localized data (Control group) across selected test
sessions
COMPARISON
DAY 0 – WEEK 1
DAY 0 – WEEK 4
WEEK 1 – WEEK 4
WEEK 2 – WEEK 4
WEEK 2 – WEEK 4

DF
T
Right hemisphere
41
2.38
27
-3.37
27
-3.73
27
-3.54
Left hemisphere
27
-3.95

P
.02
.002
.001
.001
.001

Figure 3.13 shows the change in the laterality index over the four testing sessions for the
Control group for stimuli presented to either ear (panel A) and when collapsed across presentation
ear (panel B). There was a general right-hemispheric laterality at all testing sessions when the
sound was presented to either ear, which is evident in Figure 3.13.
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Figure 3.13a – b: Mean ASSR laterality index (LI) measures for the Control group computed from
four auditory ROIs per hemisphere using source-localized EEG data with sound presented to the
left (blue) and right (red) ears (panel A) and collapsed across presentation ear (panel B). Error
bars indicate standard error of the mean.
A two-factor repeated measures ANOVA (presentation ear [2; right/left], and test session [4;
Day 0, Week 1, Week 2, Week 4]) was completed for the LI data. Degrees of freedom were
adjusted using the Greenhouse-Geisser correction. The analysis showed no statistically significant
effects for presentation ear (F1, 13=4.29, p=.06) or test session (F1.76, 22.88=2.58, p=.10) and there
was no significant presentation ear by test session interaction (F2.27, 29.45=1.66, p=.21). Therefore,
presentation ear was collapsed, and a one-factor repeated measures ANOVA (test session [4; Day
0, Week 1, Week 2, Week 4]) was completed. No significant effect of test session was reported
for the collapsed data (F3, 39=1.39, p=.26).
Secondary outcome measure #1: Loudness perception (Contour test)
Investigations in central gain relating to earplugging or sound generators (Formby et al., 2015,
2007, 2003; McKinney et al., 1999), and those investigating the effects of hearing aid use
(Gatehouse and Robinson, 1996; Hamilton and Munro, 2010; Munro and Lutman, 2003; Olsen et
al., 1999; Robinson and Gatehouse, 1995) often report the largest effects for more intense stimulus
levels. Because of this, we hypothesized that changes in loudness perception would be most robust
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and most detectible for higher loudness categories. As such, we chose changes in Category 6 as
the primary category to investigate changes for the loudness perception test, but results for all
categories are shown in Figure 3.14. There was a slight increase in Category 6 median level (i.e.
decreased loudness) for the SG+Amp group at Week 2 only compared to median category levels
measured on Day 0. This same trend is also apparent at other loudness categories at Week 2. At
Weeks 1 and 4, there is no observable change in the median Category 6 level compared to Day 0.
The increase observed at Week 2 in the SG+Amp group was not observed at any time point for the
Control group, which showed no consistent change at Weeks 1 and 2 compared to Day 0, and a
slight, but non-significant decrease in Category 6 median level by Week 4.

Figure 3.14a – b: Change in Contour Test ratings across test session for the SG+Amp group
(panel A) and the Control group (panel B). The changes in loudness ratings relative to Day 0 at
Week 1, Week 2, and Week 4 are indicated by closed circles, open circles, and triangles,
respectively. Error bars indicate standard error of the mean.
Statistical results for Category 6 on the Contour test are reported in Table 3.4. A mixed model
ANOVA was computed with test session (4; Day 0, Week 1, Week 2, Week 4) as the withinsubjects factor and group (2; SG+Amp, Control) as the between-subjects factor. There were no
statistically significant main effects of test session or group, and there was no interaction.
Statistical results for the entire contour of loudness categories are presented in Table 3.5. A mixed
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model ANOVA with test session (4; Day 0, Week 1, Week 2, Week 4) and category (7; Very Soft,
Soft, Comfortable, but slightly soft, Comfortable, Comfortable but slightly loud, Loud but OK,
Uncomfortably loud) as within-subjects factors and group (2; SG+Amp, Control) as the betweensubjects factor showed a significant effect of category (F1.15, 10.34=33.06, p<0.001), which was
expected as category rating, by definition and design of the test, should increase with increasing
intensity. There were no significant main effects of test session or group; however, there were
significant interactions of session by category, group by category and of session by group by
category. A two-factor, repeated-measures ANOVA (test session [4; Day 0, Week 1, Week 2,
Week 4], loudness category [7; Very Soft, Soft, Comfortable, but slightly soft, Comfortable,
Comfortable but slightly loud, Loud but OK, Uncomfortably loud]) was computed for each group
separately. For the SG+Amp group, there was a significant effect of category, as expected;
however, there was no significant effect of test session and no significant interaction between test
session and category. For the Control group, there was a significant effect of category and a
significant test session by category interaction effect, but no significant main effect for test session.
These results are consistent an increase in category with increasing intensity in general, as expected
due to the nature of the test. Interestingly, the interaction component indicates that the effect for
category was not statistically equivalent across all testing sessions. This may have been influenced
by the small sample size. An inspection of the data revealed that one subject had highly reduced
Week 4 median intensities in several of the loudness categories, and thus the mean of the Control
group was significantly impacted. It is unknown why this subject experienced a theoretical
increase in loudness sensitivity at Week 4.
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Table 3.4: Statistical analysis (mixed ANOVA) of arithmetic mean of median Category 6 intensity
ratings on the Contour Test across test session for SG+Amp and Control groups.
FACTOR

DF

F

P

SESSION

3,93

1.20

.316

GROUP

1,31

1.68

.177

SESSION*GROUP

3

3.60

.356

Table 3.5: Statistical analysis (mixed ANOVA) for all Contour Test categories across test session
for SG+Amp and Control groups.
FACTOR

DF

F

P

SESSIONA

2.28, 70.76

1.42

.249

CATEGORYA

6, 37.82

195.222

<.001

GROUPA

1, 31

.86

.362

SESSION*CATEGORYA
1.99, 61.58
12.68
<.001
GROUP*CATEGORYA
1.22
3.91
.048
A
SESSION*CATEGORY*GROUP
1.99
13.43
<.001
AMAUCHLY’S TEST SIGNIFICANT; DEGREES OF FREEDOM ADJUSTED USING
GREENHOUSE-GEISSER CORRECTION

Secondary outcome measure #2: Amplitude Modulation Detection
Results for amplitude modulation detection are shown in Figure 3.15. There was a slight
decrease in raw AM detection thresholds across test session for both the SG+Amp and Control
group. This is evident in the data shown in panel B, indicating that over time, AM detection
thresholds decreased by about 1 to 2 dB for both groups. There is an observable difference between
the raw AM detection thresholds between the two groups seen at Day 0 that is preserved at
subsequent test sessions. The difference in raw AM detection threshold is possibly affected by
difference in sample size between the groups. Hearing thresholds were not significantly different
between groups at the test frequency (3000 Hz) and hearing thresholds generally do not negatively
impact amplitude modulation detection for tones that are greater than about 20 dB above absolute
thresholds (Bacon and Gleitman, 1992). Therefore audiometric threshold is not considered to be a
factor useful for explaining this difference.
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Figure 3.15a – b: Average raw AM detection thresholds across test session for SG+Amp group
and Control group (panel A) and change in AM detection threshold relative to baseline (panel B).
Filled in circles represent the SG+Amp group. Open circles indicate the Control group. Error
bars
Table 3.6 shows the results of a mixed model ANOVA on the AM detection data with test
session (4; Day 0, Week 1, Week 2, Week 4) as the within-subjects factor and group as the
between-subjects factor (2; SG+Amp, Control). There was a significant main effect of test session
(F3, 93=9.78, p<0.001) and of group (F1, 31=11.11, p=0.002); however, there was no significant
interaction between the two (F3, 93=1.20, p=.31). Subjects in both groups showed small, significant
improvements (1 to 2 dB) in AM detection over time. Because this was observed in both groups,
the change is likely attributable to a practice or task familiarity effect.
Table 3.6: Statistical analysis (mixed ANOVA) of change in amplitude modulation thresholds
across test session for SG+Amp and Control groups
FACTOR

DF

F

P

SESSION

3,93

9.78

<.001

GROUP

1,31

11.11

.002

SESSION*GROUP

3,93

1.20

.313
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Secondary outcome measure #3: Speech-in-noise (HINT)
The results for the modified HINT are shown in Figure 3.16. Average hearing aid benefit,
scored in improvement in dB SNR, was calculated as the difference between the aided and the
unaided conditions for the SG+Amp group and the Control group (see Figure 3.16). For the aided
testing, subjects in the SG+Amp group were tested with the hearing aid settings from the devices
they wore during the study, and the Control group wore hearing aids that were similarly
programmed at the beginning of the study for use with during aided speech testing. Overall, there
were no detectable improvements over time in the SG+Amp group. The Control group showed a
moderate improvement in hearing aid benefit by Week 4; however, this may be due to the small
sample of subjects who completed the Week 4 visit, a practice effect, or both.

Figure 3.16: Average hearing aid benefit, scored in improvement in dB SNR was calculated as the
difference between the aided and the unaided conditions for the SG+Amp group (solid line) and
the Control group (dashed line). Error bars represent standard error of the mean.
A one-factor repeated measures ANOVA was completed on the SG+Amp and Control group
hearing aid benefit data separately (See Table 3.7). There was no significant effect of time seen in
either group. To see if there were any group differences, a two-factor mixed model repeated
measures ANOVA was completed with test session as the within-subjects variable and group as
the between-subjects variable. Results showed a significant effect for test session (F3, 39=3.72,
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p=0.02), and for group (F1, 13=10.64, p=0.006) and no significant time by group interaction. These
results indicate that there was a difference in hearing aid benefit between the groups, with the
Control group showing more benefit from amplification than the SG+Amp group, but this
difference between the groups did not interact with how the subjects performed over time. As
previously mentioned, the small sample size in the Control group, especially at Week 4, may have
impacted the mean performance of that group. Overall, these results do not support improved
hearing aid benefit over time for either group.
Table 3.7: Statistical analysis (ANOVA) of hearing aid benefit on the HINT for both groups
FACTOR

DF
SG+Amp

F

P

SESSION

3, 27

.420

.740

2.795

.086

Control
SESSION

3, 12

Discussion
Acoustic Reflex Thresholds
Changes in acoustic reflex thresholds in the SG+Amp group are consistent with the literature
using ARTs to study changes in central gain (Munro et al., 2007b; Munro and Merrett, 2013).
During the treatment phase of the study, reflexes were significantly increased compared to baseline
measurements. These data support the hypothesis that continuous enhancement of peripheral input
to the auditory system leads to compensatory changes in central gain, reflected at the level of the
brainstem nuclei within the acoustic reflex pathway. The 2-3 dB change seen in the ARTs is
relatively consistent with the magnitude of change (3-4 dB) reported by Munro and Merrett (2013)
following short term amplification. Additionally, the magnitude of change seen in this study is
comparable to the magnitudes observed in Chapter 2 for young, normal hearing subjects. Taken
together, this evidence suggests that enhancement of the acoustic input through sound generators
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alone or sound generators plus amplification may result in elevated reflex thresholds. These data
alone, however, do not allow us to determine whether sound enhancement provided with
combination of SGs and amplification have a singular or additive effect. To better answer this
question, another study currently in progress in our laboratory is designed to evaluate effects of
SGs alone in an older, hearing-impaired population. Further research is also required to better
evaluate the timeframe required to observe changes in ARTs for both sound generators and
amplification.
Munro et al. (2007b) investigated the differences in ipsilaterally and contralaterally obtained
ARTs in the ears of unilateral hearing aid wearers. The authors measured acoustic reflexes
ipsilateral to the fitted ear, regardless of stimulation ear. This supports the idea that changes in a
gain control mechanism exists somewhere in the ascending limb of the acoustic reflex arc
ipsilateral to the ear fitted with the hearing aid, and that it likely occurs at a low level of the pathway
(e.g. the cochlear nucleus) before decussating. This is consistent with evidence in the animal
literature that neurons in the ventral cochlear nucleus (VCN) exhibit a homeostatic-like
hyperexcitability, linked to central gain modulation, following acoustic trauma (Cai et al., 2009).
The question, however, is to what degree these adaptive changes are either preserved or
recalibrated at higher levels of the auditory system.
Hearing aid induced physiological changes in the brainstem have also been observed using
the ABR. Munro et al. (2007a) demonstrated higher mean peak-to-peak amplitudes for Wave V
and SN10 ipsilateral to the fitted ear in monaural hearing aid users. This seems in conflict with the
results from the ipsilaterally evoked acoustic reflexes, as Wave V and the SN10 generators are
known to reflect activity in the lateral lemniscus (LL) and the inferior colliculus (IC), both
predominantly receiving contralateral input (Møller et al., 1994; Møller and Jannetta, 1982). If
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hearing aid use decreases the gain in the output of the cochlear nucleus ipsilateral to the hearing
aid experience (as reflected through elevated acoustic reflexes), then one might expect to see this
decrease in Wave V and SN10 amplitudes, however this was not the case. These results do however
make some sense in light of a homeostatic mechanism existing outside (that is, more central) of
the CN. If the goal is maintaining functional stability, a decreased input to the contralateral LL and
IC could invoke compensatory adaptation in an attempt to recalibrate the signal as it enters higher
stages of processing. The results that have been shown using acoustic reflexes in combination with
other measures such as the ABR are evidence that central gain adaptation and recalibration occurs
at multiple levels of the auditory system.

Comparing the results of the ARTs with the results presented in Chapter 2 in young, normal
hearing subjects mirrors the effects seen in the older, hearing impaired subjects in the present
study. In both groups, elevated reflexes in the magnitude of approximately 2-4 dB were
demonstrated. Additionally, the changes in both groups show a modest increase at Week 1,
however the difference in ARTs was robust by Week 2. These results are consistent with a central
gain mechanism and the degree of change is consistent with the change in reflexes demonstrated
following a 5 day period of low-gain hearing aid use (Munro and Merrett, 2013). The degree of
change in both groups is indication that older adults with ARHL may benefit as much from AAE
as young, normal hearing adults. This result will likely prove to be helpful when interpreting other
measures of central gain in an aging auditory system.
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Auditory Steady State Response (ASSR)
Several animal studies have documented changes in the auditory cortex following low-level
(i.e. non-traumatic) noise exposure. Changes in frequency-specific spontaneous firing rates of AC
neurons (Munguia et al., 2013), reduced or suppressed stimulus-evoked AC neural activity
(Pienkowski et al., 2011), and altered local field potential and multiple single-unit derived tuning
curves (Pienkowski et al., 2013) have been documented in cats following chronic exposure to
suprathreshold, non-traumatic noise. Though central gain has been investigated behaviorally and
electrophysiologically at the brainstem level, a sensitive cortical measure that may reflect higherlevel adaptation is desirable. We selected that ASSR as a cortical measure and hypothesized that
enhanced auditory input would lead to a decrease in the magnitude of the ASSR, indicating
alteration in the cortical processing over time during the SG+Amp exposure period. Based on
homeostatic models of central gain modulation, we hypothesized that enhanced auditory input via
SGs plus amplification would lead to a decrease in the magnitude of the ASSR during the exposure
period. Indeed, source-localized data showed a clear decrease in ASSR magnitudes in the left
hemisphere at Weeks 1 and 2, with recovery seen at Week 4, and a similar, but less robust pattern
in the right hemisphere. Computations of the LI showed that at Day 0, there was a strong right
hemisphere dominance for stimuli presented to either ear. By Week 2, however, there was a
significant decrease in right sided dominance, suggesting a more balanced distribution across
hemispheres. One of the most interesting results is the measure of LI seen at the recovery session
(Week 4) with sound presented to each ear separately (Figure 3.17 panel A). When sound was
presented to the left ear, there was a return to a strong right sided laterality. Sound presented to the
right ear, however, continued to demonstrate more balanced activity between the two hemispheres.
A similar pattern of change in laterality for young, normal hearing subjects exposed to bilateral
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sound generators was also observed following a two-week recovery period. In that study group,
the subjects wore bilateral sound generators without amplification for a period of four weeks and
returned for the recovery session at Week 6. For comparison, the data from both experiments are
shown in Figure 3.17.

Figure 3.17a – b: Laterality index computations for two experiments. Red bars reflect the LI when
sound is presented to the right ear. Blue bars reflect the LI when sound is presented to the left ear.
Panel A shows the LI computations for a group of young, normal hearing subjects exposed to four
weeks of bilateral sound generator noise, and a recovery session at Week 6. Panel B shows the LI
computations for subjects in the SG+Amp group, who wore bilateral sound generators with
amplification activated for two weeks, with a recovery session at Week 4. Note the similar pattern
shown for both groups, and the presentation-ear specific differences reflected in the hemispheric
representation at the recovery session.
It appears that once the sound treatment is discontinued the cortex may differentially adapt
across hemispheres, as reflected in the LI, in an ear-specific manner according to presentation ear.
There is substantial evidence that the ASSR is predominantly processed in the right hemisphere
regardless of stimulation ear (Luke et al., 2017; Roß et al., 2005, 2000), however after the
termination of device use (SG: panel A or SG+Amp: panel B), there is an enhancement in right
hemisphere dominance, but only when sound is delivered contralaterally to the left ear. This may
reflect a return to normal activity through an increase in central gain somewhere in the contralateral
pathway. It is interesting, however, that when sound is presented to the right ear such a recovery
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is not seen, but instead a more centralized, balanced response is generated between the
hemispheres. This may be further evidence of a multi-stage gain process that attempts to rebalance
cortical activity when a change is introduced to the system. The similarities in the results for both
younger and older subjects is further evidence of a malleable auditory system in older adults. As
such, the changes observed may serve as potential indices for hearing aid acclimatization.
Loudness Perception
Robust changes in loudness perception have been documented by Formby (2003, 2007, 2015)
following sound generator use. We hypothesized that there would be a significant increase in the
average sound pressure level associated with Category 6 on the Contour test for the SG+Amp
group, indicating a decrease in loudness perception for more intense stimuli. Such a change would
support the hypothesis that changes in loudness perception, and consequently an expanded
dynamic range, are a key component in hearing aid acclimatization. We did not observe any clear
evidence of changes in loudness perception resulting from use of sound generators with
amplification on the Contour test. There was a small, insignificant decrease in loudness perception
for the SG+Amp group seen at Week 1, however, the amount of change, regardless of significance,
would likely have little to no clinical significance. The lack of evidence for changes in loudness
perception may have resulted from several factors. First, if changes in loudness perception are
small, changes will be difficult to observe when using the median presentation level for each
loudness category. If a listener’s pre-treatment dynamic range is sufficiently large, the spread
between one categorical median to the next may be too large of a range to detect any realistic
changes in loudness perception. This may be one reason why our results deviate from those of
Formby et al. (2015) in subjects with hyperacusis (i.e. extremely reduced dynamic ranges), but it
does not explain why our data differs from Formby’s earlier studies with young, normal hearing
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subjects (Formby et al., 2007, 2003). According to the validation study of the Contour test, the
test-retest reliability between sessions may show differences as large as 6 dB (Cox et al., 1997).
Though Formby et al. (2003) showed larger changes (approximately 8 shift dB in Category 7), the
magnitude of the change reported in later studies following SG use without any additional loudness
tolerance counseling was lower, in the range of 4 to 5 dB (Formby et al., 2015, 2007). As testretest reliability may as large as a 6 dB difference between sessions, detecting a change on the
Contour test with absolute certainty that the results are related to a shift in loudness may be hard
to justify. It is also important to consider the fact that dosing (i.e. noise level and amount of
exposure per day) and wear-duration effects of sound generator use are relatively unknown. Of
course, a test utilizing more loudness categories might seem like the answer, however, introducing
more categories would likely introduce more variance between subjects and between test sessions.
The lack of congruence between our data and previously cited data sets based on the Contour test,
and the general insensitivity of the test to detect small changes in loudness perception highlight
the need for a more objective index of loudness perception, such as EEG-based measures.
Amplitude Modulation Detection
Moore et al. (1996) demonstrated that hearing loss (and in particular, recruitment) effectively
magnifies the perceived fluctuations in a modulated pure tone. Significant changes in amplitude
modulation detection thresholds were seen across test session for both the SG+Amp as well as the
Control group. It was hypothesized that an expansion of the dynamic range (SG+Amp group)
would diminish the “fluctuation strength” in the modulated signal, leading to poorer (higher) AM
detection thresholds relative to baseline. This was not evident in present study, and conversely,
both groups improved significantly over time consistent with a general practice effect. Presentation
level of the stimuli may be a factor in the lack of results consistent with changes in central gain. A
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standard 80 dB SPL signal was used to test the subjects to ensure audibility, however, given the
audiometric inclusion criteria, this standard level may have effectively been presented at a variety
of sensation levels (SL) ranging from roughly 18 to 28 dB SL under circumaural headphones
(American National Standard Institute, 1996). Schlittenlacher and Moore (2016) reported no
differences between hearing impaired and normal hearing subjects’ thresholds for an AM detection
task when the stimuli were presented at a standard intensity of 75 dB SPL. They did, however,
report that hearing-impaired subjects performed better than the normal hearing individuals when
the stimuli were presented at a standard sensation level (30 dB SL). It is possible that some subjects
in the present study were tested at a presentation level that fell at different points on their loudness
growth functions. If this was the case, such a presentation level may have affected our ability to
detect changes in central gain.
Speech-in-noise (HINT)
The results from the speech in noise testing did not show evidence that hearing aid benefit
increases over time. There was a difference in the amount of benefit received between the
SG+Amp group and Control group, however there was no interaction with test session, indicating
that subjects in the Control group generally showed more hearing aid benefit than the subjects in
the SG+Amp group. The change in performance seen at Week 4 in the Control group is likely a
result of having fewer subjects participate at the final visit for that group. There are several
possibilities as to why changes over time were not seen. As seen in the acclimatization literature,
improved hearing aid benefit, if detected at all, is generally small in the realm of 2 to 6%
improvement in hearing aid benefit scores (Munro and Lutman, 2003). Additionally, the
presentation level of the stimuli may have contributed to the lack of improvement seen. We chose
to present the background noise at a constant 60 dB SPL and vary the level of the speech.
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Therefore, the SNR level of the speech at threshold was often lower than 60 dB SPL. It is possible
that such changes in hearing aid benefit may not be detectable at such low sensation levels if
acclimatization really does require exposure to sound levels typically unexperienced by the listener
(Palmer et al., 1998; Turner and Bentler, 1998). Finally, the most likely reason for not seeing an
improvement in hearing aid benefit over time relates to the position of Turner and Bentler (1998),
who reported that in order to see a large enough (and clinically important) change in speech
performance with a high level of certainty that it was related to acclimatization, a study would
require an extremely large corpus of independent test materials, and that it is unlikely that speech
perception tests at our disposal are sensitive enough to accurately pick up an changes in
performance due to acclimatization. These results only highlight the need in acclimatization
research for other measures of auditory perception, perhaps using stimuli with speech-like
qualities, such as the ability to follow the slow-moving fluctuations in a speech signal.
Conclusions
Exposure to sound generators and amplification is a form of an enhanced acoustic
environment that induces adaptation evident at multiple levels of the auditory system, in both
young and older subjects. The present data indicate that hearing aid related changes in central gain
are evident through changes in acoustic reflex thresholds and through the auditory steady state
response, but less so through behavioral measures of loudness perception. Changes in the
physiological measures reflect a decrease in central gain and a compensatory recalibration of
auditory circuits. Though hearing aid acclimatization was not evident in our loudness perception
task, speech-in-noise task, or the amplitude modulation task, our results seen in ARTs and the
cortically-evoked ASSR support evidence that exposure to hearing aids and/or sound generators
influences how the auditory system processes sound in the brainstem as well as at a cortical level.
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Traditional tests of hearing aid acclimatization have relied on speech performance improvement
over time to document an effect; however, it is possible that such tests are not sensitive enough to
capture the adaptation occurring in the system. It is certainly possible that improvements in
behavioral tests require a longer period of device wear for the physiological changes to translate
into behavioral improvements. While it is possible that hearing aid acclimatization and central gain
are related, future research should focus on changes in electrophysiologic measures and
psychophysical performances that are known to correlate with speech perception ability (e.g.
envelope detection, electrophysiological intensity discrimination etc.) following use of hearing aid
amplification alone. Future studies should investigate the time course of sound generator exposure,
as well as investigate the differences between unilateral versus bilateral stimulation for a more
complete picture of how enhanced acoustic environments (hearing aids or sound generators, or
both) alter central auditory gain.
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General Discussion and Conclusions
Evidence in support of the central gain hypothesis
The primary goals of this dissertation were to 1) identify markers of central gain in the
auditory system following short-term acoustic attenuation via earplugging and acoustic
enhancement via sound generators, and 2) determine if acoustic enhancement is effective in
modulating central gain in older adults with age-related hearing loss, and if so, to what extent.
Additionally, a further goal of this dissertation was to explore the possibility that central gain is
related hearing aid acclimatization.
The results described in Chapter 2 are further evidence that altering acoustic input to the
peripheral auditory system modulates central auditory plasticity and is evident at multiple levels
of the auditory system. The first group discussed wore a single earplug in the left ear for a period
of two weeks, thereby experiencing acoustic attenuation. The second group were given bilateral
sound generators to wear for a period of four weeks, representing a form of acoustic enhancement.
In both study groups, we documented the effectiveness of these sound treatments in inducing
central gain. The methods described in Chapter 2 were then applied in Chapter 3 but in an older
adult population with hearing loss. The subjects wore bilateral hearing devices that functioned as
sound generators but were combined with clinically prescribed amplification as well within the
same devices. The importance of changes in this group, compared to the subjects in Chapter 2
cannot be understated. Using consistent methods, modulation of central gain was demonstrated in
both young, normal hearing adults, as well as in older adults with age-related hearing loss.
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Perceptual and physiological changes in this group may be useful in our understanding of hearing
aid acclimatization that are mediated by a central gain mechanism.
Acoustic attenuation via earplugging
Acoustic attenuation through earplugging is an experimental approach that temporarily
induces hearing loss and allows us to investigate the consequences of reduced input to the auditory
system. The results of the acoustic attenuation were evident by the first week during the
experimental phase of the study, consistent with a homeostatic gain mechanism that operates on
an hours-to-days time frame in an attempt to maintain constancy in the system (Turrigiano, 1999).
This homeostatic, or central gain mechanism, was evident through decreased ARTs, reflective of
increased sensitivity and increased gain, in the plugged ear that are consistent with previous reports
the literature (Brotherton et al., 2017, 2016; Munro et al., 2014; Munro and Blount, 2009).
Loudness perception was also measured with the Contour test (Cox et al., 1997) and followed
previous studies using earplugs to investigate central gain (Formby et al., 2007, 2003; Munro et
al., 2014). Our results were consistent with a modest change in loudness perception corresponding
to increased sensitivity following earplug use, also consistent with an increase in central gain.
Interestingly, the increase in loudness was only evident after one week of earplug use, but not after
two weeks. This may indicate an ability down-regulate central gain when a change or imbalance
in output is detected, although this phenomenon has not been documented in other studies. The
cortically-evoked ASSR was used to investigate changes in central gain in the cortex. Sourcelocalized ASSR activity showed distinct sensitivity to the effects of earplug attenuation over time.
There was a significant reduction in left hemisphere ASSR magnitudes, ipsilateral to the plugged
ear, through two weeks of earplug use regardless of presentation ear. This reduction subsequently
led to a change in the balance of hemispheric laterality with a shift toward increased activity in the
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contralateral right hemisphere, as reflected in the laterality index analysis, albeit no significant
change in right hemispheric over time. We interpreted this rebalancing of hemispheric dominance
as evidence of central gain modulation within the auditory cortex.
The results of these three measures are consistent with a gain mechanism that is measurable
at multiple levels of the auditory system. The results of these studies are consistent with previous
studies reported in the animal literature (see Chapter 1). Several animal studies have documented
central gain changes in the auditory pathway as early as the cochlear nucleus (Cai et al., 2010;
Kaltenbach and Falzarano, 2002; Kaltenbach and McCaslin, 1996; Kaltenbach and Zhang, 2007;
Schaette and Kempter, 2008), the inferior colliculus, and the auditory cortex (Salvi et al., 2000).
The present results indicate that the cortically evoked (e.g., 40-Hz) ASSR is a viable and sensitive
tool for investigating central gain changes in higher auditory structures in humans and may be
useful in studying disorders linked to maladaptive gain changes in auditory circuits including
tinnitus and hyperacusis.
Acoustic enhancement via sound generators
To our knowledge, this was the first investigation using ARTs and ASSR as physiological
indices of central gain following the use of sound generator use. Though the magnitude of the
change seen in ARTs was smaller than that seen in the earplug group, there was a significant
increase in acoustic reflex thresholds, indicating a down-regulated gain process in the brainstem.
Notably, the magnitude of the change detected (2-4 dB) is consistent with the increase in ARTs
reported in normal hearing listeners following a short period of low-gain hearing aid use (3-4 dB;
Munro and Merrett, 2013). Loudness perception was assessed in this group as well and was
consistent with decreased loudness perception (increased tolerance for loud sounds). Interestingly,
the change over time was mostly seen in lower loudness categories, and not upper categories, in
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contrast to previous reports using sound generators (Formby et al., 2007, 2003) that showed the
greatest changes for upper loudness categories. This could reflect a difference in testing methods,
as the present study used randomly varied, small step sizes between runs. It is possible that the
small step size made it difficult for listeners to know when to shift their criterion in the lower
categories but were perhaps more aware of the loudness as it approached the loudest categories.
This does not explain, however, why this was not seen with the earplug group. Results of the ASSR
showed changes in cortical activity consistent with central gain, however displaying an interesting
pattern of change over time. We hypothesized that because subjects in this group were exposed to
bilateral sound generators that there would be a reduction in ASSR magnitudes over time during
the treatment period. Remarkably, we were able to detect a reduction over time that is consistent
with our hypothesis, but in addition, the laterality of the response shifted significantly over time.
Sound presented to either ear showed a shift from a highly right hemisphere dominated response
to a more centralized response during the sound generator treatment period. These results are not
only compatible with the results from the earplugging experiment, but they also show that there
may be a differential effect for unilateral versus bilateral sound treatment. As such, further research
is required to study this using both unilateral versus bilateral acoustic attenuation, and unilateral
versus bilateral acoustic enhancement.
Central gain and hearing aid acclimatization
Combining sound generators and amplification has been investigated previously in the context
of tinnitus severity (Dos Santos et al., 2014); however, to our knowledge, there are no studies that
have investigated effects of sound generators combined with amplification as a means of studying
hearing aid acclimatization. The results of this study show that the combined use of sound
generators and amplification induces similar changes in ARTs that are observed in young, normal
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hearing subjects exposed to sound generators alone. Increased ARTs were obtained after a twoweek period of device use, consistent with a decrease in central gain present in brainstem nuclei
involved in the acoustic reflex arc. The increase in ARTs provide evidence of decreased central
gain in the auditory system and allows us to make inferences from other measures of central gain
and may inform our understanding of hearing aid acclimatization. Changes in the ASSR are also
similar to those seen in the young, normal hearing subjects exposed to sound generators. Overall,
there was a reduction in the magnitude of the response during the treatment sessions, consistent
with a decrease in central gain. Additionally, when sound was presented to either ear, there was a
change in hemispheric laterality over time. On Day 0, there was a strong right hemisphere laterality
of the response. With device use, the response became more balanced across hemispheres, and was
significantly different from Day 0 by Week 2. These results are the first to document a homeostatic
response in the auditory cortex in response to acoustic enhancement via sound generator plus
amplification. Loudness perception, based on the Contour test, did not provide any clear indication
of a change in loudness perception, and there were no clear patterns of improvement on the speechin-noise task, or amplitude modulation detection task. Interpretation of these results and potential
challenges are described in Chapter 3.
The combined results of these outcome measures provide direct evidence of a central gain
mechanism, that over time may contribute to factors associated with the acclimatization effect that
hearing aid wearers and audiologists anecdotally observe. Though we were not able to measure an
improvement in speech perception over time, a presumptive index of hearing aid acclimatization,
the marked physiological changes consistent with central gain modulation in both brainstem and
cortical measures present a strong argument for continued investigation. As such, future
investigations of acclimatization should incorporate electrophysiological measures of central gain,
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and possibly focus on qualities that are associated with speech perception performance as an
indirect way of measuring an acclimatization effect. Additionally, the comparable results seen
between the experiments (sound generators and sound generators with amplification) indicate that
an enhancement of the acoustic background, regardless of stimulation type, age, and hearing status,
may induce similar central gain modulatory effects. The use of sound generators in combination
with amplification over the use of amplification alone may be advantageous as the amount of sound
exposure can be controlled across participants and ensure continuous acoustic stimulation.
Additionally, the relatively fast changes that were detected in the ARTs and ASSR within the first
two weeks of device use indicate that sound generators in combination with amplification may be
a useful approach for targeted acoustic therapies in future clinical applications.
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